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PROBING FOLDING/UNFOLDING KINETICS, REACTION MECHANISM AND 
THERMODYNAMIC STABILITY OF NUCLEIC ACID HAIRPINS 
 
 Nucleic acid hairpins play pivotal roles in biological and cellular processes. The 
functions of the DNA and RNA hairpins depend upon the conformational changes they adopt 
during the biological process. Therefore, a clear understanding of their conformational 
dynamics such as folding and unfolding kinetics, reaction mechanism as well as 
thermodynamic stability is essential to understand their biological functions. This dissertation 
describes folding kinetics, reaction mechanism and thermodynamic stability of stem-loop 
nucleic acid hairpins by using rapid-mixing stopped-flow kinetics and other spectroscopic 
techniques. 
 Firstly, the folding kinetics and reaction mechanism of a five base-paired stem and 
twenty one polythymidine loop DNA hairpin as a function of varying mono-valent counter 
ion concentrations have been discussed. The important observation of this investigation is that 
the DNA hairpin folding is not simply a two-state process, and based on our experiments and 
kinetic modeling, we proposed a three-state reaction mechanism, wherein, the intermediate 
formation occurs on microsecond time scale and the complete hairpin formation occurs on 
millisecond time scale.  
 Secondly, the loop length and counter ion dependent thermodynamic stability and 
folding of DNA hairpins have been described. This investigation provides a detailed 
understanding of how the stability and folding changes as a function of loop length and 
counter ion concentrations. The most important conclusion of this part of the investigation is 
iii 
 
that the thermodynamic stability of tetraloop hairpins depend upon counter ion concentration 
regimes and we explained the exceptional stability of atetraloop hairpin in the higher 
concentration regime, compared to longer loop length hairpins on the basis of base-stacking 
effect. 
 Finally, the folding and unfolding kinetics of RNA hairpins with identical four base-
paired stem but different nucleotide loop sequence is discussed. Here we observed that the 
RNA hairpin folding and unfolding can be much more complex than previously thought and 
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CHAPTER 1: Introduction 
 
1.1 NUCLEIC ACID HAIRPINS 
 
1.1.1 DNA/RNA Hairpin Structures and conformations 
 
 Single stranded nucleic acids with complementary base pairs have the potential to form 
stem-loop hairpin structures. A nucleic acid hairpin is formed when a single strand folds back 
and forms base pairs with itself.
1
Stem-loop base pairing commonly occurs in single stranded 
DNA and, even more commonly, in RNA. Basically, the folded hairpin has two structural units: 
a double stranded stem consisting of  primarily Watson-Crick complementary base pairs and a 
single stranded loop (Figure 1.1). The hairpin is the most common secondary structural feature in 
RNA.
2
 For example, about 70% of the nucleotides in 16S rRNA  are hairpin structures.
3
 All the 
base pairs in the stem regions are formed when the hairpin is fully folded. Whereas, the internal 







Figure 1.1: The structure of nucleic acid hairpins. The hairpin consists of unpaired nucleotides at 
the tip of the helical stem. The bulge and the internal loop are characterized by unpaired 









Although the stems of DNA and RNA hairpins consist primarily of Watson-Crick base 
pairs formed by complementary bases, it is possible that there can be some non Watson-Crick 
base pairing interactions.
4,5
 Due to the hydrogen bonding donor and acceptor capabilities of all 
the bases in  RNA, RNA hairpins allow additional non Watson-Crick base pairing between the 
bases (such as G-U or G-A or G-T).
1,2
 These particular types of base pairing interactions, known 
as wobble base pairing, happen when the overall structure of the hairpin is not stable and can 
promote non-canonical base pairing interactions. Other interactions, such as phosphate-base and 
sugar-base interactions, are possible, especially in RNA hairpins.  
 The thermodynamic stability of nucleic acid hairpins depend on stem size, loop size, stem 
and loop composition, base stacking, base-pairing, hydrogen bonds on the loop and the closing 
base-pair of the loop.
6-11
 Hairpins comprised of four bases in the loop region, referred to as 
tetraloops, have been widely studied in the literature.
10,12-36
 Due to their exceptional thermal 
stabilities, DNA and RNA tetraloop hairpins play vital roles in biological functions.
3,32
Because 
of their key roles in RNA and protein folding, RNA tetraloops have received much attention.  
The important role of DNA tetraloops in nucleic acid folding and in genome sequences has also 
been studied. 
 An important area of current research in biopolymer science is the study of the biological 
processes by which DNA or RNA molecules form their secondary structures such as hairpins.
37 
This research aims to understand the energetics and mechanisms involved, as well as the kinetics 
of individual steps of the processes.
37
Additionally, the research seeks to understand the 
dynamics, the stability and factors which affect the stability of such structures. 
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As hairpins are a common secondary structure for RNA, an understanding of the 
structural and dynamic aspects of RNA hairpin folding and behavior helps in understanding the 
folding of larger RNA molecules.
37
 The RNA folding process is complex, with a rugged 




An excellent model system for studying the interactions that stabilize polynucleotide 
secondary structures is provided by short nucleotides which form hairpin structures in solution.
37 
Short DNA and RNA hairpin structures are excellent model systems for research aimed at 
gaining a better understanding of many aspects of oligonucleotides. Hairpin structures are useful 
in testing energy-based structure prediction algorithms 
40,41
and in evaluating models for the 
molecular dynamic simulation of nucleic acids.
37,42,43
 
1.2 Significance of Nucleic Acid hairpins in Biology 
 
1.2.1 Central Dogma of Molecular Biology 
 The central dogma, the keystone of molecular biology was first stated by Francis Crick in 
1958 and later restated by him in 1970.
44
It states that “The central dogma of molecular biology 
deals with the detailed residue-by-residue transfer of sequential information. Such information 
cannot be transferred back from protein to either protein or nucleic acid”.
44
The most significant 
functions of nucleic acids described by the dogma are that the genetic information encoded in 
DNA is transcribed to RNA, which in turn can be used for protein synthesis, as illustrated in 
Figure 1.2.  Nucleic acid hairpins, which are secondary structures, play pivotal roles in 
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variousbiological functions such as transcription, replication, translation etc.
1,45
 Some of the 
important biological functions carried out by DNA and RNA hairpins are described below. 
  
 
Figure 1.2:Illustration of the central dogma of molecular biology stated by Francis Crick in 
1970. Flint, S. J.; Enquist, L. W.; Racaniello, V. R.; Skalka, A. M. The Figure is adopted 
from Principles of Virology: Molecular Biology, Pathogenesis, and Control of Animal 





1.2.2 Biological functions of DNA hairpins 
 
 DNA hairpins have been shown to have numerous functions in cell biological processes, 
including: serving as intermediates in genetic recombination,
46-48
serving as protein recognition 
sites and regulating transcription, in vivo.
49,50
In most of the molecular biology phenomena such 
as transcription, replication, recombination and DNA repair etc., DNA remains partially single 
stranded.
42 
Short ssDNA hairpins are useful drug targets because they differ significantly in 
geometry and shape from regular double-stranded DNA. 
 An example of a harmful role of hairpin structures is the formation of DNA hairpins by 
GC-rich triplet repeats which expand excessively during DNA replication and leads to several 
genetic diseases.
51
For example, neurological disorders such as Huntington’s disease is believed 
to occur due to triplet repeat expansions.
52
 Therefore, the understanding of the kinetics and 
thermodynamics of hairpin formation is essential to rationalize biological functions. 
1.2.2.1 The biological role of DNA hairpin in the replication process 
 
 DNA is replicated by a mechanism, known as “rolling circle replication” during E.coli 
conjugation and the reproduction of certain viruses.
53
 Multiple copies of circular molecules 
of nucleic acids - such as plasmids, the genomes of bacteriophages (phagemids) and the circular 
RNA genome of viroids- can be rapidly synthesized by the rolling circle replication process.53In 
this mechanism, the initiator protein, or Rep. proteinbinds a hairpin formed by a double-stranded 
origin (dso). The initiator protein nicks the DNA and covalently remains bound to the 5’ 
phosphate end and the 3’ OH is extended by DNA polymerase. The replication proceeds around 
the circular DNA by using an unnicked strand. The 5’ end is replaced and forms a single 
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stranded DNA. Finally, the RNA polymerase binds with a single stranded origin (sso) hairpin to 
synthesize a RNA primer for replication.
53
Figure 1.3 shows the illustration of a rolling circle 















Figure 1.3: (A) Illustration of rolling circle replication by a single stranded DNA hairpin. (B) 
The plasmid pT 181 dso in cruciform conformation and (C) The pT 181 sso as folded by mfold 

















1.2.3 Biological functions of RNA hairpins 
 
 RNA hairpins perform numerous biological functions. They assist in the folding of 
complex molecules such as the ribozyme, terminate the transcription process, and play an 
essential role in the final translation.
1
The population of ribozymes and riboswitches can be 
modulated by RNA hairpin folding and, in this way, hairpins alter gene expression. 
RNA hairpins usually have very high thermo stability.
54,55
 The roles of RNA hairpins are to keep 
mRNAs from being degraded
56-58
 and also serve as nucleation sites where RNA folding is 
initiated.
59-60
The RNA secondary structures (hairpins and bulges) interact to form the RNA 
tertiary structures which regulate numerous activities, including catalysis, ligand binding and 
RNA-protein recognition.
61,62 
1.2.3.1 Biological function of hairpin ribozyme 
 
 The hairpin ribozyme is one of the most important small RNAs and has been very widely 
studied.
63
Its biological function is to catalyze RNA processing reactions required in replicating 
the viral satellite RNA molecules of which it is a part and aids in tertiary folding processes.
63
 The 
docking, which is due to the intimate association of loops A and B (shown in Figure 1.5 a),
63
 is 
stabilized by divalent metal ions, such as Mg
2+
, and helps in catalysis.Figure1.5 b) shows the 
catalysis process of reversible cleavage of a specific phosphodiester bond of a RNA 
substrate.
63
The hairpin ribozyme plays a pivotal role in catalyzing the ligation reaction.
63
 The 
hairpin ribozyme is folded into a stable three-dimensional structure and, in the process, favors 




Figure 1.5: a) The hairpin ribozyme secondary structure. b) Illustration of reversible 






1.2.3.2Cellular functions of unstructured RNA 
 
 The unstructured RNA molecules control gene expression and perform important 
biological functions, for example, gene expressions by complementary base pairing with coding 
and non-coding regions on mRNA.
1,64
 Most importantly, the unstructured RNAs form complexes 





1.3 Motivation of Our Experimental Investigations 
1.3.1   DNA/RNA Hairpin Folding Problems/puzzles 
 
 Biomolecular folding in general, and nucleic acid hairpin folding in particular, have been 
subjects of extensive theoretical and experimental investigations over the years.
4,5,7,65-81
 DNA 
and RNA hairpins serve as important model systems for studying the dynamic properties of 
complex biomolecules. Since the majority of the secondary structure motifs consist of nucleic 
acid hairpins, kinetic and thermodynamic measurements on these hairpins provide greater 
insights into the conformational dynamics of the nucleic acids and the molecular basis for this 
biological process of hairpin formation.
1
Over a decade, numerous experimental techniques, such 







 and various other single molecule techniques,
84,87
 have been employed to 
decipher and measure the kinetics of hairpin formation. Similarly, several theoretical methods 
such as molecular dynamics simulations
78,88,89
 have been used to understand hairpin 
conformation and dynamics.  
13 
 
 The major focus of the above described studies have concentrated on the size and 
sequences of the stem and loop regions of the hairpins which affect the time scale of folding 
kinetics and reaction mechanisms. The ultimate goal of these investigations has been to 
understand and explain the nature of the free energy landscape associated with the folding and 
unfolding phenomena.
90,91
 In the past, the DNA hairpin folding kinetics has been described 
predominantly as a two-state process with a single-barrier free energy folding landscape.
92-94
 The 
two-state kinetic model, based on a simple energy landscape, hypothesized that the loop 
formation was the rate limiting step, followed by rapid zippering of the fully base-paired stem. 





 as well as some theoretical simulation studies based on more complicated 
energy landscapes.
96,97
 The reviews of these findings briefly described below, with a notion that 
our understanding of hairpin folding kinetics and thermodynamic studies is still incomplete. 
Although we have gained tremendous insight into this area of research, many questions are not 
yet fully answered. In light of these long standing debates on hairpin folding and unfolding, I 
will describe our motivation for undertaking these dissertation projects seeking to help answer 
some of the important questions of this bigger folding puzzle. 
 In 1998, Bonnet et al.
65
 studied the folding kinetics of five base-pair (bp) stem and 
variable polythymidine loops in solution by using FCS. It was hypothesized that the DNA 
hairpin folding is a two-state process and that the time scale for the hairpin unfolding is on the 
order of 10 microseconds. Later, in 2005-2006, our research laboratory used FCS
95
 to study the 
folding and unfolding kinetics of DNA hairpins containing a 5-bp stem and 21 nucleotide 
polythymidine loop.  The reaction times observed in those studies were consistent with the 
previous studies of similar sized hairpins. However, careful analysis of FCS data combined with 
14 
 
Photon Counting Histogram (PCH) analysis showed, although indirectly, that the overall reaction 
involving fully folded hairpins occurred on a longer time scale than the FCS observable time 
window. These investigations concluded that the DNA hairpin folding may be more than a two-
state process but, due to the time resolution problem of FCS, these experiments could not probe 
longer time scales. 
Ansari and coworkers
7,8,94
 conducted laser-induced temperature-jump spectroscopy to 
investigate the folding kinetics of DNA hairpins having five base-pairs in the stem and variable 
polythymidine nucleotides (4-12) in the loop regions.  The hairpin kinetics was explained by 
configuration interaction model instead of a previous Markovian two-state model. The 
configuration interaction model hypothesized that the stable loop formation in the hairpin is 
hindered by transient trapping into short-lived misfolded states before the hairpin can correctly 
fold to the native hairpin structure. This model further stated that the unfolded and folded forms 
of the DNA hairpin represent energy minima and that the transition state ensemble of trapped 
intermediate states forms a rugged barrier between minima of the DNA energy landscape.  
Consistent with the previous FCS experiment by Bonnet et al., Ansari’s T-jump results reported  
folding and unfolding time constants on the order of 10 microseconds. 
 In 2006, Ma etal.
86
 explored the energy landscape of a small tetraloop hairpin and 
proposed four-state mechanism to explain the non-exponential behavior of the RNA folding 
kinetics. Their proposed four-state reaction mechanism includes an ensemble of reaction 
intermediates having partially or misfolded stem structures, the fully folded hairpin, an ensemble 
of fully unfolded state and another intermediate state of misfolded hairpin loop. Significantly, the 
proposed intermediate states proposed by these authors were stable and long-lived, in contrast to  
short-lived trapped states proposed by Ansari’s configuration interaction model. The notion of 
15 
 
kinetic trapped states containing partially or misfolded states, which can be stable for prolonged 
period of time, is consistent with the hypothetical free energy landscape proposed by Zewali and 
coworkers and illustrated in Figure 1.6 below.  
 Schultz and coworkers
87
 investigated the life times of both the unfolded random-coil state 
and the completely folded state of longer stem DNA hairpins by using an immobilized single-
molecule fluorescence resonance energy transfer (smFRET) method. Because of the limitations 
of the time resolution limitation in their smFRET measurement and also the fact that relatively 
few events (less than 100 smFRET events for both the hairpins) were monitored, the single 
molecule experiment could not observe any intermediates. 
 Similarly, numerous theoretical simulations and calculations have been carried out by 
various research groups over the years to examine folding and unfolding kinetics of the nucleic 
acid hairpins. Recently, Pande and coworkers,
78
 used replica exchange molecular dynamics 
(SRMED) simulations to investigate the unfolding and refolding of a small RNA hairpin (5’-
GGGCGCAAGCCU-3’). Their findings suggest the existence of intermediate states and 
competing folding/unfolding pathways. But again due to the time resolution issues, their 
simulations could not probe the time scale in milliseconds directly. In 2010, Portella et al.
89
 
studied the folding landscape of small DNA hairpin by using molecular dynamics simulation and 
proposed multiple routes for hairpin folding. Chen and coworkers
2,67,68
 extracted the complete 
conformational states of small hairpins by using a statistical mechanics approach and proposed 






Figure1.6: A hypothetical energy landscape diagram for nucleic acid hairpin folding and 
melting. The multiple local minima in the free energy surface illustrate folded structure, unfolded 







1.3.2Motivation for Rapid-Mixing Stopped-flow Studies 
 
 In the past couple of decades, there have been extensive experimental and theoretical 
investigations on how nucleic acid hairpins fold and unfold. Yet, several questions remain 
unanswered or controversial. FCS and T-jump spectroscopy are good techniques for measuring 
reaction times ranging from tens of nanoseconds to hundreds of microseconds. The time 
resolution constraints make these two techniques unsuitable for measuring folding and unfolding 
dynamics of hairpins occurring on a longer time scale of millisecond and beyond. Previous FCS 
studies in our laboratory indirectly proposed that the DNA hairpin folding is not simply a two-
state process but due to the time resolution limitation could not prove it directly. Similarly T-
jump studies described above and various theoretical simulation studies on DNA and RNA 
hairpins suggested complicated energy landscape for nucleic acid folding and unfolding, but 
failed to probe the formation of the fully folded hairpin which may be occurring on a longer time 
scale. 
 These factors motivated us to investigate the folding and unfolding kinetics of nucleic 
acid hairpins by using rapid-mixing stopped-flow kinetics, a technique for measuring reaction 
kinetics on a millisecond time scale. The limitation of this technique is that, it cannot measure 
the reaction kinetics on very fast time scale.  However, it can serve as a complementary 
technique to other ultra-fast techniques, such as T-jump spectroscopy and FCS, so that together, 





1.4 Organization of the dissertation 
 
 The main objectives of these dissertation projects are to gain insight into the folding 
kinetics and thermodynamic stability of nucleic acid hairpins. Over the years, there have been 
numerous debates and discussions concerning DNA/RNA folding kinetics, reaction mechanisms 
and time scales of folding and unfolding. Yet, there are several unanswered questions and 
controversies regarding time scales of folding and reaction mechanisms etc. The rapid-mixing 
stopped-flow kinetics, thermodynamic melting experiments, other spectroscopic techniques 
along with kinetic modeling as well as some theoretical analysis have been carried out to answer 
some of the important questions on nucleic acid hairpin folding kinetics and reaction 
mechanisms. 
 In Chapter 2, the basic principle of rapid-mixing stopped-flow experiments and a brief 
description of the stopped-flow experimental set-up are presented. This chapter also presents the 
derivation of two-state and three-state reactions, used for kinetic modeling and analyzing 
experimental data. 
 Chapter 3 describes the investigation of the kinetics of DNA hairpin folding as a 
function of mono-valent counter ion concentration (NaCl) and our proposed three-state reaction 
mechanism by using rapid-mixing stopped flow techniques, thermodynamic melting experiments 
and kinetic modeling. The DNA hairpin used for these studies is a five base pair stem and twenty 
one polythymidine in the loop region and the construct is described as 5’-
AACCCTTTTTTTTTTTTTTTTTTTTTGGGTT-3’. The 5’ and 3’ regions of the hairpin were 
labeled with fluorescent dye tetra methyl rhodamine (TAMRA) and dabcyl quencher 
respectively. The most important observation of this investigation is that The DNA hairpin 
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folding is at least a three-state process and the DNA hairpin formation can occur much more 
slowly than previously thought. The research presented in this chapter has been published in the 
Journal of American Chemical Society. 
 Chapter 4 describes the investigation of the loop length and the counter ion dependent 
thermodynamics and kinetics of various DNA hairpins. The DNA hairpins examined in these 
studies consisted of a five base pair stem with the complementary sequences 5’-AACCC and 
GGGTT-3’ and loops containing 4, 8, 12 and 21 polythymidine [poly(dT)] residues. The major 
findings in these studies are: the stability of all the hairpins increases with increasing counter ion 
concentrations, and that the stability increases with decreasing loop size.  In the case of tetra loop 
hairpins, the stability pattern depends on the counter ion concentration regime. For counter ion 
concentrations of 25 mM NaCl and below, the stability of the tetraloop hairpin follows the same 
trend as that observed for the longer loop length hairpins. However, above 25 mM NaCl, the 
tetraloop hairpins exhibit exceptional thermodynamic stability above and beyond that observed 
in longer loop length hairpins. The unusually high stability of tetraloop hairpins in the high 
counter ion concentration regime is explained by the base- stacking effect in the loop regions due 
to hydrophobic collapse in the more polar environment. The research presented in this chapter is 
under minor revision in the Journal of Physical Chemistry B and is likely to be published. 
 Chapter 5 describes the investigation of RNA hairpin folding kinetics as a function of 
varying KCl concentrations. The RNA hairpins investigated in these studies consisted of 
identical four base pair stem with the complementary sequences 5’-CGGU and GCCG-3’ and 
loop regions containing three different sequences of 15 base pair nucleotides. The major finding 
of these studies is that, for hairpins of comparable loop and stem size, the folding kinetics of 
RNA hairpins is much more complex than that of DNA hairpins studied in chapters 3 and 4.The 
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evidence of complex reaction kinetics and mechanisms is understandable, considering that the 
energy landscape of RNA is much more complex than that of DNA and is similar to protein 
energy landscapes. The research of this chapter has been prepared as a manuscript for 
publication. 
 Chapter 6 concludes by summarizing the dissertation and briefly discusses the future 
directions of biomolecular folding /unfolding studies and the impact of such studies on molecular 
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 Biological processes in general, and bio-molecular folding in particular, are complex 
processes. Nucleic acid and protein folding and unfolding occur over a broad range of time 
scales ranging from nanosecond to seconds and beyond.
98,99
 To elucidate the structure, function 
and mechanism
100
, information on time dependencies of molecular species over such a broad 
range of time scales is required
101
. Over the years, various equilibrium and relaxation methods 









, etc. Ultra-fast techniques such as FCS and T-jump usually probe the 
reaction kinetics over the fast time scale of microseconds. If the folding and unfolding processes 
involve transient intermediate or meta-stable intermediate species of comparatively longer time 




 In the present studies, we employed rapid-mixing stopped-flow kinetics to study the 
kinetics of DNA and RNA hairpin folding. This chapter describes the rapid-mixing stopped-flow 
kinetics method and also describes the instruments and experiments. 
2.1.1 Basic Principle of Stopped-flow Spectroscopy 
 
Stopped-flow is a rapid-mixing spectroscopic technique used for studying fast reaction 
kinetics in solution over time scales ranging from milliseconds up to hundreds of seconds
116,120
. 
In stopped-flow, two reactant solutions are rapidly mixed together, by action of drive syringes, 
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and then stopped in an observation cell.
121
The flow in the observation cell is stopped by a 
stopping syringe. The sample cell is irradiated with monochromatic light and the chemical 
reaction is observed by monitoring the change in suitable signals such as absorbance and 
fluorescence as a function of time. The time that is required for the reactants and products to 
travel to the flow cell or spectrophotometer cell is known as “dead time”.
122
The dead time of a 
stopped-flow instrument is the time between the mixing of the two solutions and the beginning 
of observation of the kinetics of the reaction. The dead time usually varies from 0.4 ms to 1 ms 
depending upon the design of the flow cell.
116
 
Rapid-mixing stopped-flow fluorescence or absorbance, provides a method to monitor 
bio-molecular interactions.
123
 The analysis of resulting kinetic transients obtained from the 
stopped-flow instrument can determine reaction rates, the complexity of the reaction mechanism, 
and information on short-lived reaction intermediates etc.
116
 In general, the rapid-mixing stopped 
flow methods yield rate constants for conformational changes such as folding/unfolding of 
proteins and nucleic acids, ligand binding and ligand dissociation, etc.
121
 
2.1.2 Schematic Description of Stopped-flow set up 
 
The schematic diagram of a typical stopped-flow set up is presented in Figure 2.1.The 
instrument used in these studies was a commercially-built model SX-20 from Applied 
Photophysics, London. In stopped-flow experiments, usually a few hundred micro-liters of two 
reactants are contained in the drive syringes (A and B). For illustration, in the present hairpin 
folding and unfolding studies, the several nano-molar DNA/RNA solutions were introduced in 
the channel A and high and low salt buffers were introduced in the channel B (Please see 








A syringe driver pushes the syringe pistons such that the reactants are pushed through a 
mixer and subsequently to the flow cell.
124
The new solution displaces the old solution from the 
observation cell. The stop-syringe is filled by the flow when the piston hits the trigger-switch. 
This action simultaneously stops the flow and starts the data acquisition. At this instant the age 
of the reaction of the newly mixed reactants in the observation cell is about a millisecond. The 
exact age, or famously called ‘dead time’, is dependent upon the stopped-flow design and the 
cell design.
123
 Careful calibration of the instrumental dead time is required for the interpretation 




In our hairpin folding experiments, reaction kinetics were measured by monitoring 
fluorescence as a function of time in milliseconds. Due to its greater sensitivity, fluorescence 
monitoring is commonly used in rapid-mixing stopped-flow studies. However, absorbance 
monitoring is sometimes used. Other biophysical techniques that have been implemented in 










A typical rapid-mixing stopped-flow experiment involves mixing of equal volumes of 
two reactant solutions.
27
 Therefore, in reporting concentration values, is important to remember 








Figure 2.2:A typical stopped-flow trace showing the different phases of the observed signal. In 
this example, the recording was commenced at 50 ms before flow stopped in order to illustrate 







Figure 2.3: A typical stopped-flow trace showing the DNA hairpin folding reaction at 100 mM 
NaCl buffer. The fluorescence signals, which are the auto PMT voltages of the detector, are 










2.1.3 Major Parts of the Stopped-Flow Spectrometer 
 
 As described in Applied Photophysics technical manual,
134 
a Xenon arc lamp is usually 
used to produce the high intensity light over a wide spectrum (far-UV to NIR region), as needed 
for fluorescence measurements. For specific applications, alternative light sources are sometimes 
used. The monochromator is used to select the wavelength of excitation light (directed to the 




 Figure 2.4shows a more detailed illustration of the optical cell in the Applied 
Photophysics SX-20 stopped-flow instrument.  The T-mixer is an integral part of the cell in this 
design.  For fluorescence detection, the cell has a dedicated observation window; for absorbance 




 Other major parts are the sample handling unit, detection system and water 
circulator.
134
The sample handling unit rapidly mixes the reactant solutions into the observation 
cell and initiates signal detection simultaneously with stopping of the flow. The detection system 
monitors and records the optical signal, usually by using one or more photomultiplier detectors. 
The water circulator regulates the temperature of the observation cell and the reactant solutions, 














Figure 2.4:Illustration of the optical cell used in Applied Photophysics SX20 stopped-flow 











2.1.4 Assessing the performance of a stopped-flow instrument 
 
 Several aspects of instrument design are key to instrument performance. The mixing 
chamber is designed to achieve both rapid and complete mixing of the reactant 
solutions.
121
Various flow geometries have been used in the design of mixing chambers, all with 
the goal of achieving turbulent flow in a small volume.
124
  Turbulence is necessary for achieving 
mixing efficiency and also for maintaining favorable flow conditions during observation
121,124
  
and also insures that flow lines are efficiently purged between separate runs.
123,124 
Thorough 
mixing of the reactant solutions needs to occur before the solution reaches the observation point, 
so that the observed rate of reaction is not limited by the mixing process.
124
 Mixing efficiency 
can be tested by observing a reaction that is instantaneous on the stopped-flow time scale, such 
as a protonation reaction.
121 
Lack of any observed sign of reaction, i.e. a constant signal, shows 
that complete mixing is occurring during the dead time of the instrument.
121
 
The time after mixing in which the reaction cannot be measured is known as the “dead 
time”.
116,122
  Complete mixing of the reactants does not occur instantaneously and observation 
cannot begin precisely when reactants begin mixing.
121
  Some finite period of time is required for 
the flow to travel the distance from the point where reactants begin mixing to the point where the 
optical signal is observed.  Thus, when flow is stopped and measurement begins, the volume 
being observed in the optical cell has some “reaction age” associated with it.
124
In effect, this 
reaction age is ”time lost”, in the sense that the very first part of the reaction could not be 
observed.
121
 Dead-times can be shortened by reducing the volume of the sample cell, but this 





2.1.5 Optimization of the stopped-flow instrument 
 
 High intensity light sources such as mercury, xenon, or xenon-mercury arc lamps are 
generally required as excitation light sources for fluorescence experiments.
121
  The emission 
spectrum for xenon arc lamps is relatively smooth, whereas the emission spectra for mercury and 
mercury-xenon arc lamps have a series of very intense emission bands, which may be used to 
advantage, depending on the fluorophore being used.
121,124
 Deuterium or quartz halide lamps, 
which have lower intensity outputs, are generally suitable for absorbance experiments but 
sometimes may be used for fluorescence excitation in the visible region with some fluorophores. 




 A photomultiplier (also called a photo-detector) is used to detect the emitted light after it 
has passed through a suitable optical filter, selected to pass only fluorescence emission light and 
to exclude any of the exciting light scattered by the solution.
124
Sources of scattered light are 
Rayleigh scattering of the exciting light and Raman scattering from the water.  Appropriate band 
pass and/or cut-off filters should be chosen to maximize the fluorescence emission signal and 
minimize the scattered light signal.
121
Additionally, in a rapid kinetic experiment, it is important 
that the signal change should be maximized relative to the background intensity. Since the Tetra 
methyl rhodamine (TAMRA) was dye labeled for all of our nucleic acid folding and unfolding 
studies,
116
 we used a 570 nm high pass emission filter purchased from Applied Photophysics, 
London, for the stopped-flow mixing experiments. 
 Selection of the monochromator slit width, which affects the intensity of the excitation 
light, is an aspect of the instrument operation that can be adjusted.
121,124
  A balance between 
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spectral purity of the exciting light and the intensity of light transmitted is involved in selecting 
monochromator slit widths.  For fluorophores having a large Stokes shift (the difference between 
the maximum excitation wavelength and the maximum emission wavelength), the light intensity 
can be increased by using a larger slit width.  However, for fluorophores having a smaller Stokes 
shift, smaller slit widths are needed to exclude scattered light from the photo-detector.
124
  An 
alternative approach for fluorophores with smaller Stokes shifts is to use shorter wavelengths of 
excitation light than the maximum wavelength. 
If photobleaching of the fluorophore is a potential problem, a smaller slit width can be selected 
in order to reduce the intensity of the excitation light.  For monitoring on time scales of less than 
one second, photobleaching is not usually a problem. 
 The time constant of the electronics reduces the electronic noise on the signal.
121
The 
noise is inversely proportional to the square root of the time constant.  For example, if the time 
constant is increased 25-fold, the noise is reduced five-fold.  The time constant value selected 
should be long enough to reduce noise without affecting the rate of the process being 
monitored.
121,124
  A general guideline is that the time constant selected should be less than 10% 
of the half time (half life) of the process being observed.
121
 
 Selection of the volumes of reactants for each run is another operational factor that can be 
changed.
24
The position of the back-stop of the stopping syringe can be adjusted to change the 
volume used in each run.
121
Enough solution needs to be mixed such that both a constant flow 
rate in the flow cell and a short dead-time is achieved, but with minimal waste of often valuable 
solution/material.  Trials with different total pushed volumes of reactant solutions can be made to 





2.2 Reaction Kinetics probed by Rapid-Mixing Stopped-flow 
 
2.2.1 Derivation for two-state reaction model 
1 2N N  




The rate equations for this reaction can be written as, 
1
1 1 1 2
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  ..............................(2.2) 
Applying initial conditions, 1 0[ ]N N  and 2[ ] 0N   at 0t   
We can apply Laplace transform on above two rate equations and the rate equations can be 
converted in to a set of algebraic equations.  
1 1 1 2 1 0( )( [ ]) [ ] [ ]p k N k N N  L L .........................(2.3) 
1 1 1 2 2 0( [ ] ( ) [ ] [ ]k N p k N N   L L ...............................(2.4) 
After using Cramer’s rule, we solved for 1[ ]NL and 2[ ]NL . 
From the solution of the determinant, we obtain, 
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( )[ ] [ ]
( ( )) ( ( ))
p k N k N





   
....................................................(2.5) 
and
1 2 0 1 1 0
2
1 1 1 1
( )[ ] [ ]
[ ]
( ( )) ( ( ))
p k N k N
N
p p k k p p k k 

 
   
L ......................................................(2.6) 
We carried out inverse Laplace transformations on equations (2.5) and (2.6) to obtain time-
dependent concentrations for 1N and 2N . 
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Since 2 0[ ]N = 0, we obtain, 
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2.2.2 Derivation for three-state reaction model 
 
 
The above equations can be solved by using Laplace transform method as shown below, 
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(a)  At t=0,  
 








These can be solved either as a 3 X 3 or a 2 X 2 system using equation (1) to eliminate [N3]. 
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Similarly, we can obtain, 
 .............(2.12)  
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CHAPTER 3: Millisecond Time Scale Folding and 





This chapter describes the folding kinetics and our proposed three-state reaction 
mechanism of a DNA hairpin. We report stopped-flow kinetics experiments to study the folding 
and unfolding of 5 base pair stem and 21 nucleotide polythymidine loop DNA hairpins over 
various concentrations of NaCl. The reactions occurred on a time scale of milliseconds, 
considerably longer than the microsecond time scale suggested by previous kinetics studies of 
similar sized hairpins. In comparison to a recent fluorescence correlation spectroscopy study (J. 
Am. Chem. Soc. 2006, 128, 1240-1249), we suggest the microsecond time-scale reactions are 
due to intermediate states and the millisecond timescale reactions reported here are due to the 
formation of the fully folded DNA hairpin. These results support our view that DNA hairpin 
folding occurs via a minimum three-state mechanism.  
3.1 Introduction 
 
 A clear understanding of the biomolecular structures and functions
137
 of nucleic acids 
requires proper insight on how these molecules fold, unfold and sometimes misfold.
138
 DNA and 
RNA hairpins are important model systems for understanding the kinetics and thermodynamics 
of such processes.
139-141
 Consisting of a single-stranded loop and a base-paired stem, these 
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molecules can undergo conformational fluctuations
142-144
 of the unfolded strand, loop formation, 
base-stacking,
145-147
 and intra molecular Watson-Crick and non-Watson-Crick base-pairing.
148 
Hence, a variety of molecular processes in nucleic acids can be investigated by studying these 
hairpins. 
The folding kinetics of DNA and RNA hairpins has been the subject of numerous 
experimental and theoretical investigations.
145,149-153,159-161
 Yet controversy remains concerning 
many aspects of the folding kinetics, including folding times, mechanisms, rate limiting steps, 
and their dependence on sequence, loop size, stem size, salt concentration, temperature, 
etc.
146,154-156
 Smaller hairpins, containing up to five base-pairs (bp) in the stem and 4-30 





fluorescence correlation spectroscopy (FCS) experiments.
142,159-161
 These studies reveal reaction 
times of ~10-100 µs, depending on loop size and other conditions. Hairpins with longer stems 
have been studied using single molecule optical trapping techniques,
162,164
 revealing much longer 
folding and unfolding times of milliseconds to hundreds of milliseconds, depending on stem size. 
Previously, our laboratory used FCS to study the folding and unfolding kinetics of DNA 
hairpins containing a 5-bp stem and 21-nt polythymidine loop under various conditions
161
. 
Reaction times of ~50 µs were observed, consistent with previous studies of similar sized 
hairpins. However, careful examination of the correlation amplitudes along with photon counting 
histogram (PCH) analysis revealed the reaction being probed by our FCS experiment was likely 
due to an intermediate state in a more complex reaction mechanism. We hypothesized that the 
overall reaction involving the fully folded hairpin occurred on a longer time scale than the FCS 
observation time and was thus not observed in our experiment. A later study
159
 that combined 
single beam autocorrelation and two-beam cross correlation spectroscopy observed the reactions 
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of hairpins with 4-bp and 5-bp stem sizes on an extended time scale. This study revealed the 
reaction time for complete folding of the 4-bp structure was ~400 µs. Only the intermediate 
reaction of the 5-bp structure was observed, even with the expanded observation time. This 
implied that complete folding of the 5-bp stem length hairpin may occur on a millisecond time 
scale or longer. 
Here, we report folding kinetics of the 5-bp stem size DNA hairpin on the millisecond 
time scale using the rapid-mixing stopped-flow technique.
163
 Stopped-flow kinetics observes the 
time evolution of a reaction initiated by the mixing of two or more reagents. A drawback of this 
method is the finite mixing time, typically 0.5 ms or longer. Reactions that occur faster than the 
mixing time are not observed. Hence, the ~50-µs reaction observed in our previous FCS 
experiments is inaccessible using stopped-flow. However, if the overall reaction occurs on a 
much longer time scale, as suggested previously, we hypothesized that stopped-flow may be an 
appropriate technique to measure its kinetics. 
3.2 Experimental details 
 
 3.2.1 Sample Preparation: Fluorescently labeled DNA hairpin samples with HPLC 
purification were purchased from IBA Gmbh (Gottinigen, Germany). The hairpin consisted of a 
five base pair stem with the complementary sequences 5’-AACCC and GGGTT-3’ and a loop 
containing 21 deoxythymidine residues. The hairpin is identified as hp-T21 and was dual labeled 
with fluorophore 5-TAMRA at 5’end and a quencher dabcyl at 3’ end respectively.  A control 
DNA, poly(dT)40 labeled with the dye at 5’ end was examined for the comparison. 100 nM DNA 
samples were prepared in 2.5 mM Tris-HCl buffer and 250 µM EDTA. 1M stock Tris-HCl 
buffer with RNase, DNase and protease free was purchased from Sigma-Aldrich and molecular 
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biology grade EDTA with tested RNase, DNase and protease free was purchased from Cal 
Biochem, New Jersey. Molecular biology grade sodium chloride was also purchased from Cal 
Biochem, New Jersey.  Various concentrations of sodium chloride starting from 0 mM to 
1000mM were prepared for stopped flow mixing experiments. All the above mentioned samples 
were prepared in nuclease free water, purchased from Applied Biosystem, CA. All solutions 
were filtered through 0.22 micron Nalgene nitrocellulose filter units to remove any 
contaminating proteins. 
 3.2.2 Stopped Flow Kinetics Experiments: Folding and unfolding reactions of DNA 
hairpin
160
 hp-T21 were carried out in an Applied PhotophysicsSX-20 stopped flow instrument.  
Folding and unfolding reactions of a control DNA Poly(dT)40 were undertaken for comparison. 
For folding reaction of the hairpins, stopped flow mixing experiments were carried out by 
mixing 100 nM of DNA hairpin in 0 mM NaCl ( low salt buffer) in one channel  with varying 
concentrations of NaCl ( 0, 10, 20, 50,100, 200, 500 and 1000 mM ) in the second channel. In 
other words we started with completely unfolded structure of DNA hairpin in one channel and 
mixed this subsequently with varying concentrations of NaCl in the second channel to monitor 
the folding reaction of the DNA hairpin as a function of sodium chloride concentration. In a 
stopped flow mixing experiment, two reactants in two different channels are allowed to mix 
thoroughly in a mixing chamber
163
 and then mixed in a flow cell of certain dead time
165
(in our 
stopped flow experiment the dead time of the flow cell is approximately 0.45 millisecond). The 
kinetics of the reaction is monitored by using spectroscopic signals, such as absorbance, 
fluorescence, etc. The instrument records the changes in the spectroscopic signal as a function of 
time. From the trace created by the instrument, the kinetic information about the particular 
reaction studied can be obtained by fitting to a model of the reaction. Basically the rate constant 
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which describes the reaction kinetics can be determined by fitting the data in a suitable fitting 
routine or fitting model. In our stopped flow experiment, the change in spectroscopic signal is 
the fluorescence voltage (PMT Voltage). The trace shows the fluorescence voltage as a function 
of time. 
In our stopped flow experiment, fluorescence excitation was at 547 nm from a 
monochromator source with bandwidth set to 2 nm and the emission from the dye was detected 
using 570 nm high pass filter. 
 3.2.3 Steady State Fluorescence and UV/Vis Measurements: Steady state fluorescence 
spectra and temperature dependent fluorescence were obtained using a AVIV ATF-105 
fluorometer. Emission spectra were collected using excitation wavelength 547 nm, and excitation 
spectra were obtained using emission wavelength 580 nm. The bandwidths were set to 1nm on 
both channels and spectra were background corrected by subtraction of a buffer spectrum.  
Figure S 1 shows the emission spectra of DNA hairpin hp-T21 as a function of various sodium 
chloride concentrations. These figures show that the fluorescence has been quenched due to the 
hairpin folding with the subsequent addition of NaCl. Concentration dependent thermal melts 
were performed by standard methods, using a Varian Cary 50Bio equipped with multi cell holder 
UV-Vis spectrophotometer and heating/cooling unit. Varying concentrations of DNA samples 
from 0.3 µM to 43.9 µM were used for the melting experiments. Samples were heated to 90
0
 C 
and were cooled back to 10
0
 C to check the reversibility. Absorbance versus temperature curves 
were monitored at 260, 265 and 295 nm wavelength respectively, using single beam mode and 
subtracting the absorbance from the cuvette containing buffer. The buffer in the experiments was 
100 mM NaCl, 10 mM Na cacodylate and 0.1 mM EDTA. The melting temperatures were 
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determined for each sample by fitting the absorbance versus temperature at 260 nm by using two 
state models with linear baselines. 
 3.2.4 Data Collection and Fitting: In the stopped flow experiment, all our folding and 
unfolding reactions data for our DNA hairpin and control DNA single strand at various NaCl 
concentrations were collected and repeated at least three times for the statistical accuracy of our 
data collections. The error bars were calculated by using propagation of error method to 
determine the statistical accuracy of our experimental data. 
3.3 Results and Discussion 
 
Figure 3.1 shows stopped flow kinetics data obtained for 100-nM DNA hairpins in an 
aqueous buffer. The DNA hairpins consisted of a 5-bp stem containing the complementary 
sequences 5'-AACCC and GGGTT-3' connected by a 21-nt polythymidine loop. The DNA 
hairpin 5’-AACCC(T)21 GGGTT-3’ was labeled at the 5' end with tetra methyl rhodamine 
(TAMRA) and at the 3' end with dabcyl quencher. The folding of the DNA hairpin, induced by 
mixing the DNA with buffer solutions containing varying concentrations of NaCl, was 
monitored by observing the quenching of the TAMRA fluorophores by dabcyl (Figure 3.1 panel 
B) after a mixing time of ~450 µs. Unfolding was monitored by observing the recovery of the 
fluorescence due to mixing DNA solutions containing varying concentrations of NaCl with pure 
buffer (Figure3.1 panel C). All experiments were carried out at a laboratory temperature of 
~22°C. Because DNA is a polyanion, Na
+ 
counter ions are necessary to stabilize the hairpin in its 
folded state. Hence, mixing the DNA with NaCl induced the formation of the hairpin; whereas, 
mixing with pure buffer caused the hairpins to dissociate. The reaction rates increased with 
increasing NaCl concentration. The same mixing experiments were carried out for a control 
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DNA sample containing a TAMRA fluorophore in the absence of quencher (Figure3.1, Panel A). 
These latter experiments demonstrate that NaCl does not affect the intensity of the TAMRA dye 
fluorescence. Control experiments using zero concentration NaCl (black curves) and blank buffer 
solutions (red curves) are also shown for comparison. Thermodynamic analysis ruled out the 
possibility of duplex and/ or quadruplex formation interfering with the stopped-flow kinetics data 
under our experimental conditions (See 3.5 Supporting Information). 
To estimate the reaction times of the DNA hairpin folding and unfolding reactions, we fit 
the data shown in Figure 3.1 to single exponential functions (solid curves). The reaction times 
decreased with NaCl concentration, ranging from 6.38 ms for 5-mM NaCl to 0.770 ms for 100-
mM NaCl (See Table 3.2). Table 3.2 also shows the apparent equilibrium constant, Kmelt = 
[folded]/[unfolded], obtained from analysis of the melting curves assuming a two-state reaction 
process (See Supporting Information). Within experimental error, the reaction times were 
identical for folding and unfolding experiments with the same NaCl concentration. For the 500-
mM NaCl sample, the folding reaction occurred during the stopped-flow mixing time. 
Importantly, the reaction times reported here are approximately an order of magnitude longer 
than those reported in previous kinetics studies on similar sized hairpins.
142,149,154,159-161 
To investigate the relationship between the stopped-flow kinetics experiments reported 
here and the FCS experiments reported previously, we analyzed our stopped flow data using the 
three-state mechanism proposed in our previous FCS study (Scheme 3.1).
161
 
The Supporting Information section shows the rate equations used to predict the 
fluorescence decay under initial conditions given by (N1, N2,N3) equal to (Ntotal, 0, 0). The 
fluorescence decay is assumed to be proportional to the decay of the N1 concentration over time. 
52 
 
This, in turn, depends on the total DNA concentration and the rate constants, k1, k‒1, k2, and k‒2. 































Figure 3.1: Experimental data (solid lines) and corresponding fitting curves (solid dashed lines) 
from stopped-flow measurements of: A. Folding reaction of control DNA for comparison, B. 
DNA hairpin hp(T)21 folding reaction, C. the DNA hairpin unfolding reaction as a function of 
varying NaCl concentration  (black, 0; red, 5; blue,10; dark cyan,25; magenta,50; dark 




Figure 3.2 shows the result of fitting our stopped-flow data for the DNA hairpin in 100-
mM NaCl to the three-state mechanism. k1 and k‒1 were constrained to the values determined by 
FCS,
25
 and the initial fluorescence was constrained to the fluorescence observed from the control 
sample in the absence of quencher. k2 and k‒2were adjustable parameters in the fit. A fit to a two-
state mechanism with the initial fluorescence constrained is also shown for comparison. By 
plotting the data on a semilog scale, it is easily seen that the bulk of the reaction occurs during 
the stopped-flow mixing time. In particular, the three-state mechanism predicts a two-phase 
decay process, with the initial phase going to completion before the mixing is complete. 
Nevertheless, it is clear from Figure 3.2 and the residual plots below that the stopped-flow data 
observed after the mixing time fits well to the three-state mechanism but does not fit to the two-
state mechanism. Hence, the stopped-flow data reported here are consistent with the three-state 
mechanism discussed previously for the 100-mM NaCl sample. Note that the single exponential 
fits displayed in Figure 3.1 fit the data well because the intensities were not constrained.
Table 3.1 shows the parameters of the three-state mechanism based on the present 
stopped-flow kinetics data and previous FCS data for DNA hairpin folding in 100-mM NaCl. 
Also shown are the reaction time constants, 1,2 1,2 1, 21 rxn k k    , and equilibrium constants 1 1 1K k k
, 2 2 2K k k , and 1 2overallK K K . The latter constants, K2 and Koverall, are in reasonable agreement 
with those deduced from our previous FCS study
25
. Note that the equilibrium constant Koverall 
should not be compared to the constant Kmelt shown in Table 2, as this latter constant was 
obtained from melting curve analysis assuming a two-state reaction mechanism.(See Supporting 
Information). In our previous FCS study, we showed that the observed melting profile of the 
DNA hairpins could be reproduced from the proposed three-state mechanism, but the overall 
equilibrium constant derived from these curves differed depending on the chosen mechanism. 
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The reaction time constants reported here confirm that the overall DNA hairpin folding reaction 
occurs on a time scale that is significantly longer than previous kinetics studies suggest. It is 
concluded that the DNA hairpin folding reaction in 100 mM NaCl is a complex process that 
occurs over a broad time range and must be examined using complimentary experimental 
techniques sensitive to disparate time scales. Figure 3.3 illustrates the three-step mechanism of 









Figure 3.2. (A.) Stopped-flow kinetics data for DNA hairpins in 100 mM NaCl (green dots) and 
fitting curves to a two-state (black) and three-state (wine) mechanism.  The blue curve shows the 
stopped-flow data of a control DNA hairpin in the absence of quencher.  B. Residual plot for the 
two-state mechanism.  C. Residual plot for the three-state mechanism. 
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Figure 3.3: Schematic description showing three-state mechanism for the conformational 
fluctuations of the five base pair stem DNA hairpin hp-(T)21 with characteristic rate constants k1, 
k-1, k2 and k-2.  Where   k1 and k-1 represent forward and reverse unfolding rate constant between 
unfolded form of the hairpin and intermediates. k2and k-2  represent forward and reverse 
unfolding rate constant between folded form of the hairpin and intermediates  
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Table 3.1. Kinetic Parameters of DNA Hairpin hp21 at Different NaCl Concentrations 































100  21.21  0.77 (0.23) 
 
τreactioncorresponds to the fitting analysis in Figure 1 (B and C) and Kmelt determined from melting 




The DNA hairpin folding reactions in 25- and 50-mM NaCl can also be explained using a 
three-state reaction mechanism. However, complete analysis of the stopped-flow data for these 
samples awaits more careful FCS measurements of the k1 and k‒1 rate constants than reported in 
our previous FCS studies
161
. By contrast, the reactions occurring in 5- and 10-mM NaCl do not 
appear to fit the three-state mechanism. Rather, the reactions in these samples can be best 
described as reversible two-state processes with single-exponential decay. These results are 
similar to our previous FCS study, which found the reactions in NaCl below 25 mM were 
predominantly two-state reactions. The three-state mechanism was used to explain reactions at 
higher NaCl concentrations. However, in the previous study, it was assumed the two-state 
reactions at low NaCl concentration involved the folding and unfolding of the intermediate state. 
By contrast, the present study suggests a direct folding and unfolding reaction involving the 
unfolded state and the folded DNA hairpin at low NaCl concentration. Our interpretation of the 
stopped-flow kinetics data reported here and the FCS data reported previously
161
is as follows. At 
low NaCl concentration, the DNA hairpin folding reaction occurs as a slow, reversible, two-state 
process involving direct folding and unfolding of the folded state. As the NaCl concentration 
increases, the reaction becomes faster, and intermediate forms of the DNA hairpin begin to 
stabilize. At higher NaCl concentration, the reaction proceeds according to a three-state 
mechanism involving stable or meta-stable intermediates. Several theoretical studies using 
statistical mechanics and molecular dynamics models have examined the intermediate forms of 






Table 3.2.  Kinetic Parameters of DNA Hairpin hp21 at 100 mM NaCl Buffer 
Kinetic Parameters  Previous work  Present work 
τreaction1, (µsec)  62.7 (5.1)  — 
k1, (s
—1)  ( 1.12±0.16 )×104  — 
k—1, (s
—1)  ( 4.79 ± .050 )×103  — 
τreaction2(µsec)  —  —472(±13) 
k2,(s
—1)  —  (1.39 ±0.26)×103 
k—2,(s
—1)  —  (0.73 ±0.08)×103 
K1  2.33 (0.22)  — 
K2  4.75 (0.33)  1.91(±0.19) 
Koverall  8.35 (1.20)  4.47(±0.85) 





Chen and co-workers used statistical mechanics modeling
156
 to investigate the role of 
these intermediates on the reaction rates and mechanism. Several types of intermediate states 
were identified that involve partial folding of the stem and/or mismatched Watson-Crick and 
non-Watson-Crick base-pairing in the stem and loop. Formation and disruption of off-path 
intermediates can serve as the rate limiting step of the reaction; whereas, on-path intermediates 
can increase the rate compared to a direct two-state mechanism. We suggest the changes in rate 
and mechanism we observed with NaCl concentration may be due to the role of Na
+
counter ions 
in stabilizing various intermediate forms of the DNA hairpin. 
3.4 Conclusion 
 
In summary, we have reported stopped-flow kinetics experiments to investigate the 
folding and unfolding kinetics of a DNA hairpin molecule. The observed reactions were found to 
occur on a millisecond time scale, suggesting DNA hairpin formation can occur much more 
slowly than previously thought. We suggest a three-state reaction mechanism, wherein 
intermediate formation occurs on tens to hundreds of microsecond time scale, and complete 
hairpin formation occurs on a millisecond time scale. FCS is useful for probing the intermediate 
reactions, but cannot observe the complete folding reaction due to the limited observation time of 
FCS. Likewise, stopped-flow can observe the complete folding reaction, but cannot observe the 
intermediate reaction due to the finite dead time. When combined with each other, these 









 3.5.1.1 Derivation of the Three-State Model:To investigate the mechanism of DNA 













Here, N1, N2, and N3 represent the number of molecules in unfolded, intermediate, and folded 
conformations of the DNA hairpin, respectively. k1, k‒1, k2, and k‒2 are the rate constants. This 
mechanism was proposed in our previous FCS study, in which k1 and k‒1 were measured by FCS. 
k2 and k-2 were considered to be outside the range of our FCS measurement technique. 
 The above mechanism leads to the following differential equations: 
1
1 1 1 2
dN
k N k N
dt
                              (S1.1) 
2
1 1 1 2 2 2 2 3
dN
k N k N k N k N
dt
              (S1.2) 
3
2 2 2 3
dN
k N k N
dt
  ,                             (S1.3) 
which can be solved to predict the fluorescence decay observed in our stopped-flow kinetics 
experiment, assuming the fluorescence is proportional to N1. Accordingly, the fluorescence 
decay is given by 
64 
 
       1 2 20
1 1
1at bt at bt at bt
k k k
F t F ae be e e F be ae
a b b a a b
      

    
             
    (S1.4) 
Here, F(t) is the fluorescence as a function of time, t, F0 is the initial fluorescence, and F∞ is the 
equilibrium fluorescence. Also, 
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                        (S1.5) 
Our stopped-flow kinetics data were analyzed by fitting to the above equations, with F0 
constrained to the fluorescence of the control sample and k1 and k‒1 constrained to the values 
reported in our previous FCS experiment. See Figure 2 and Table 1 in the main manuscript for 
results. 
 
3.5.1.2 Derivation for the Equilibrium Distribution of DNA Hairpin and DNA Duplex 
To address whether DNA duplex formation might influence the reported hairpin folding kinetics, 
we present the following calculation, which predicts the distribution of DNA monomers and 
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where S,H and S2 refer to  single stranded DNA, hairpin DNA and duplex DNA ,respectively. 










                                                                                 (S1.8) 
2







  (This constant corresponds to Kmelt in Table 3.1)                                   (S1.5) 
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0 2[ ] [ ] [ ] 2[ ]S S H S    (Mass balance equation)                            (S1.11)                                                     
Here [S]0 is the total DNA concentration. In our experiment, the total DNA concentration was 50 
nM.  
Combining equations (S1.3), (S1.4), (S1.5), (S1.6) and  (S1.7), we obtain                                                     
2
1 2 02 [ ] [1 ][ ] [ ] 0K S K S S                                                      (S1.12) 
Solving the above quadratic equation for [S], 
                                       (S1.13) 
 
For duplex DNA, ΔG = -RT ln K1                                                      (S1.14) 
                           K1 = exp [-ΔG/RT]                                                    (S1.15) 
Where K1 = Equilibrium constant for duplex formation 
2
2 2 1 0
1
(1 ) (1 ) 8 [ ]
[ ]
4
K K K S
S
K




ΔG = Free energy change for duplex DNA formation 
             R = Universal gas constant 
            T = laboratory temperature of 295 K. 
Using equation (S1.11), K1 = exp[ -(-9.42) *103*4.184 J mole
-1




* 295K)]          
(S1.12) 
                                         K1 = 9.54*10
6
 
    Where ΔG = -9.42 at 100 mM NaCl    (predicted from Oligo Analyzer from IDT) 
K2 = Equlibrium constant for hairpin formation = 21.21 at 100 mM NaCl  (from temperature 
melting, See Table 1 of the manuscript) 
Using these above values in equation (S1.9), we obtain [S] ~ 2.25*10
-9
 = 2.25 nM 
Finally, using (S1.6), we obtain  [H] ~ 47.7*10
-9
 = 47.7 nM 
Thus, the total monomer concentration is predicted to be 49.9 nM out of a total DNA 
concentration of 50 nM. Using EquationS1.7, we obtain a DNA duplex concentration of 0.05 
nM, which is well below 1% of the total DNA present. Hence, we have assumed that the DNA 
duplex formation is negligible in our samples. This assumption has been confirmed by doing 





3.5.2 Thermodynamic Analysis of DNA Hairpins 
 
 3.5.2.1 Temperature Dependent Fluorescence: The quality of the sample was verified 
by performing temperature dependent fluorescence analysis and was confirmed by monitoring 




C on a steady state 
fluorometer ( MODEL ATF 105,AVIV instrument).The fluorescence of a 50 nM DNA hairpin 
sample at varying NaCl buffer was collected by exciting the sample at 547 nm. The resulting 
melting curves at varying NaCl concentration were analyzed using the two state mechanism (see 
Figure 3.5) to estimate the fraction of molecules in the unfolded state as a function of 
temperature and NaCl concentration. The fraction of the open state, f(T),can be assessed directly 
by monitoring the fluorescence intensity I(T): f(T) = (I(T)-I(F))/ (IUN-IF), where IUN is the 
fluorescence of the unfolded state and IF is the fluorescence of the folded state. We evaluated IUN 
as the fluorescence at 80
0
C and IF at 5
0
C. The apparent equilibrium constant Kmelt(T) = f(T)/(1-
f(T)) We define the fitting equations to fit  our experimental data to determine melting 
temperatures and enthalpies (presented below). based on the two-state mechanism. 
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The fraction of the unfolded state is                                           
 
























and the resulting fluorescence signal is defined as: 
,0 ,0
( ) (1 ( ))*[ * ] ( )*[ * ]
N uN uu u
F T T T T Tf fS SF F          (S1.18) 
Where SN, Su are defined as the baseline slopes for native conformation and unfolded 
conformation respectively. FN, Fu are fluorescence at T=0 for native conformation and unfolded 
conformation respectively. 
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 Then, the equation S1.12 becomes                                 
0 0
,
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Our experimental data was fitted to the above equations to determine the melting temperatures 
and enthalpies at various NaCl concentrations.  Results are presented in Tables3.4and 3.5. 
3.5.2.2    UV-Vis Melting Curve Analysis: Rule out the Possibility of Duplex and G-
Quadruplex Formation 
 
In order to rule out the possibility of duplex formation in our hairpin samples, 
concentration dependent thermal melts of the DNA samples were performed by UV-Vis melting 
experiments (procedure described above in the experimental section3.2). The absorbance versus 
temperature profiles were created at 260 nm for various DNA concentrations and the melting 
temperatures(Tm s) were calculated by using two state models with linear base lines (see Figure 
3.6).Table S4 shows the melting temperatures for various concentrations. It is observed that the 
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Tm s do not change as a function of DNA concentration, being approximately equal within the 
statistical error. The fact that the melting temperature does not change with concentration rules 
out the possibility of duplex formation in our hairpin samples. For the UV-Vis melting 
experiments, we used micro-molar DNA concentrations and for rapid-mixing stopped flow 
experiments and FCS experiments, we usednano-molar DNA concentrations. Since there is no 
chance of duplex formation in micro-molar concentrations of DNA samples, it completely rules 
out the possibility of duplex in our nano-molar samples. Furthermore, we have presented a 
theoretical calculation above which shows there is well below 1% of duplex in the hairpin 
samples.  
It is well known that guanine rich oligo deoxinucleotides form a tetrameric structure called G-
quadruplex
166,167
. Given the sequence of our DNA hairpin 5’- 
AACCCTTTTTTTTTTTTTTTTTTTTTGGGTT, which has 3 guanines at 3’ end , there is a theoretical 
possibility of G-quadruplex in our samples. Hence, to rule out any possibility of G-quadruplex, 
the UV-Vis thermals melts at various micro-molar DNA concentrations were performed and 
were monitored at 295 nm. Figure3.7 shows the melting profiles at both 265nm and 295 nm. The 
melting monitored at 265 nm (A265) shows a sigmoidal (hyperchromic curve) and the melting 
monitored at 295 nm (A295) does not show an inverse sigmoidal curve. The fact that the melting 
curves at 295 nm are not inverse sigmoidal curves
168,169
at various micro-molar DNA 
concentrations suggest that there is no possibility of G-quadruplexes in our hairpin samples.  
Furthermore, we used an algorithm called QuadDB
166
and a program, Quadparser by Simon 
Rodgers and Julian Huppert in University of Cambridge, United Kingdom. This algorithm is 
based on a folding rule: A sequence of the form d(G3+N1-7G3+N1-7G3+N1-7G3+) will fold into a 
quadruplex under near-physiological conditions’. Here ‘N’ refers to any base, including guanine, 
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and the near-physiological conditions are 100 mM KCl and 10 mM Tris-HCl (pH 7.4). We 
introduced our hairpin sequences into this program in order to check for quadruplex and the 
program nullified the chances of quadruplex. Therefore, both the melting experiments and the 
Quadparser program enable us to rule out the possibility of G-quadruplex in our DNA hairpin 
samples. 
3.5.2.3 The Affect of Dye Labels on the Kinetics and Thermodynamics of DNA Hairpin 
Formation: 
 
 To investigate the impact of dye labeling on the DNA hairpin folding kinetics and 
thermodynamics, we report stopped-flow kinetics data of Rhodamine 6G (R6G) labeled DNA 
hairpins in Figure3.8. This data can be directly compared to the TAMRA labeled DNA reported 
in the manuscript. Since R6G is a positively charged dye and TAMRA is neutral we might 
expect different kinetics for the DNA labeled with the different dyes assuming the dye interferes 
with DNA hairpin formation. However, as shown in Table 3.3, the reaction times are similar for 
both samples within experimental error. This suggests the dyes do not interfere with the reaction 
kinetics. 
 To investigate the effect of the dyes on thermodynamic stability of the hairpins, we 
measured the melting temperatures of the DNA of the R6G and TAMRA labeled DNA hairpins, 
and compared these temperatures with the calculated values for unlabeled hairpins using Oligo 
Analyzer software from IDT
167
. The results are presented in Table 3.5 below. We found the 
measured and calculated values were in reasonable agreement, suggesting the dye labels do not 




Figure 3.4: The steady state fluorescence spectra of the hp(T)21 DNA hairpin at 25
0
 C and 
various NaCl concentrations. The above  figure  (black, 0; red,5; blue,10; wine,20; dashed 
navy,50; dashed pink, 100; dashed olive,200; dashed purple,500; mM NaCl) shows the 
fluorescence has been quenched due to folding at higher NaCl concentrations. 
Inset: The average fluorescence voltage as a function of various NaCl concentrations (in mM) for 
both hp(T)21 DNA hairpin (black) as well as control DNA (green) have been plotted.  The above 
figure shows there is no change of fluorescence voltage as a function of NaCl concentration in 
case of control DNA whereas there is significant change in fluorescence voltage as we go from 





Figure 3.5: The fraction of the unfolded state for the DNA hairpin s as a function of varying 









Figure 3.6: The absorbance versus temperature melting profiles for DNA hairpin 5-
AACCCTTTTTTTTTTTTTTTTTTTTTGGGTT-3.The absorbance at 260 nm has been plotted 
as a function of temperatures for four different concentrations of DNA hairpin (0.6 µM, top left; 
2.8µM,top right; 5.6 µM, bottom left; 10.9 µM, bottom right) in 100 mM NaCl buffer. The Tm 
has been calculated by fitting the curve by two state models with linear baselines. The value of 











Figure 3.7: Thermal denaturation profiles for DNA hairpin 5-
AACCCTTTTTTTTTTTTTTTTTTTTTGGGTT-3’in 10 mM sodium cacodylate buffer (pH7.4) and 0.1 mM 
EDTA containing 100 mM NaCl monitored at 265 nm (black) and 295 nm (blue) respectively. 
The absorbance profile in the upper panel represents 10.9 µM DNA concentration and the profile 

























Figure 3.8: Experimental data (solid lines) and corresponding fitting curves (solid dashed lines) 
from stopped-flow measurements of: A. DNA hairpin hp(T)21 folding reaction, B. the DNA 
hairpin unfolding reaction as a function of varying NaCl concentration  (black, 0; red, 5; blue,10; 




Table 3.3. Reaction time comparison for different dye labeled DNA hairpins hpT21 
[NaCl] (mM) 




5 5.91 (0.24) 6.38 (0.18) 
10 5.28 (0.19) 5.05 (0.13) 
25 2.19 (0.15) 2.08 (0.19) 
50 1.56 (0.31) 1.33 (0.29) 
                  100             1.02 (0.28)           0.77 (0.23) 
 










Table 3.4. Enthalpy contribution of DNA hairpins hpT21 at various [NaCl] 
[NaCl] (mM) Δ H, Kcal/mol 
0 - 
5 -25.2 (2.1) 
10 -31.3 (1.9) 
25 -30.9 (2.2) 
50 -30.1 (1.5) 
100 -29.9 (2.0) 
500 -27.6 (1.6) 
 






















0 15 14.6 (2.1) - 
5 - 23.6 (2.7) 31.4 
10 - 27.1 (3.1) 34.1 
25 28.5 33.7 (2.2) 37.8 
50 - 41.1 (2.4) 40.6 
100 41.0 44.7 (2.1) 43.4 
500 52.5 54.3 (2.9) 50.3 
 







Table 3.6. Concentration dependent melting temperatures, Tms of DNA hairpin at 100 mM 
NaCl 
[DNA] (µM) Tm (° C) 
 - 
0.6 48.8 (1.9) 
2.8 49.2 (1.4) 
5.6 49.7 (2.2) 
10.9 50.1 (1.5) 
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CHAPTER 4: Counter-ion and Polythymidine Loop Length 
Dependent Folding and Thermodynamic Stability of DNA 
Hairpins Reveal the Unusual Counter-ion Dependent 




This chapter describes loop length and mono-valent counter ion dependent 
thermodynamic stability and folding kinetics of DNA hairpins. Stem-loop DNA hairpins 
containing 5-base pair (bp) stem and single stranded polythymidine loop were investigated using 
thermodynamic melting analysis and stopped-flow kinetics. These studies revealed the 
thermodynamic stability and folding kinetics as a function of loop length and counter ion 
concentration. Our results show the unusually high thermodynamic stability for tetraloop or 4 
poly(dT) loop hairpin as compared to longer loop length hairpins. Furthermore, this exceptional 
stability is highly counter ion dependent. For example, in the higher counter ion concentration 
regime of 50 mM NaCl and above, the tetraloop hairpin displays unusually enhanced stability as 
compared to longer loop length hairpins. However, at lower counter ion concentration of 25 mM 
NaCl and below, the thermal stability of tetraloop hairpin is consistent with the longer loop 
hairpins. The enhanced stability of tetraloop hairpins at higher counter ion concentration can be 
explained on the basis of the combined entropic effect of loop closure as well as unusual base-
stacking in the loop regions. The stability of longer loop length hairpins at all counter ion 
concentrations, as well as tetraloop hairpin at lower counter ion concentration can be explained 
on the basis of entropic effect of loop closure alone. The thermodynamic parameters at lower and 
higher counter ion concentrations were determined to quantify the unusual base-stacking effects 
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occurring at higher counter ion concentrations. For example, at 100 mM NaCl, excess Gibbs 
energy and enthalpy due to base-stacking within the tetraloops were measured to be ‒1.2±0.14 
and ‒3.28±0.32 kcal/mole respectively, whereas, no excess of Gibbs energy and enthalpy were 
observed for 0, 5, 10 and 25 mM NaCl. These findings suggest significant base-stacking 
interactions occurring in the loop region of the tetraloop hairpins at higher counter ion 
concentration and less significant base-stacking interactions in the lower counter ion 
concentration regime. We suggest that at higher counter ion concentrations, hydrophobic 
collapse of the nucleotides in the loop may be enhanced due to the increased polarity of the 




 Stem-loop structured hairpins represent major structural elements in DNA and 
RNA.
170,171
 An intra-molecular double helix stabilized by Watson-Crick base pairs defines the 
hairpin stem capped by a number of unpaired and paired nucleosides called a loop.
172
 DNA 
hairpins play a pivotal role in biological functions such as gene transcription and DNA 
recombination due to their capacity to act as binding sites for proteins.
173-178
 A clear 
understanding of the role of DNA hairpins requires a thorough investigation of the 
thermodynamic stability and folding kinetics of hairpin formation. 
The structure and stability of a hairpin depends on stem size, loop size, stem and loop 
composition, base stacking, base-pairing, hydrogen bonds on the loop and closing base-pair of 
the loop.
179-184
 Over the years, there have been numerous theoretical and experimental 
studies,
182,185-207
 to understand the stability and folding of hairpins including optical 
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spectroscopic techniques such as t-jump spectroscopy,
180,208











 Previously, Antao et al.
212,213
 observed that the thermodynamic stability of the hairpins 
with identical stem sequence and variable loop length is enhanced by base stacking interaction 
within the loop region. This excess stability becomes stronger as the loop length decreases such 
that shorter loop length imparts greater stability to the hairpin structure. Bevilacqua and co-
workers
183,184,214-216
 have investigated the sequence-dependent stability of small loops in ssDNA 
and RNA hairpins. Their observations indicate hydrogen bonding network in the loop region as 
well as interactions between the loop and the closing base pair that contribute significantly to the 
stability of the studied hairpins.  Kuznetsov et al.
217
studied loop length dependent stability and 
kinetics of hairpin formation by using t-jump spectroscopy and melting experiments and 
hypothesized that small loop hairpins may be stabilized by the interaction of counter cations with 
the loops. Previously, Hernandez et al.
172
 studied the formation of tetraloop hairpins by using 
CD, Raman and Fourier transform (FTIR) and their findings suggested the unusually high 
thermal stability of tetraloop hairpins in particular.   
 Stem-loop hairpins consisting of four bases in the loop region, referred to as tetraloops, 
are abundant in the genome and therefore its structure is widely studied in the literature.
172,183,218-
241
 DNA and RNA tetraloop hairpins are very important for their exceptional thermodynamic 
stability and biological functions. For example, GNRA tetraloops are nucleation sites to help the 
proper folding of larger RNAs.
184,215
 Although more attention has been given to RNA tetraloops 
for their biological roles such as RNA and protein folding, DNA tetraloops also play an 
important role in nucleic acid folding as well as genome sequences.   
85 
 
 Previously our laboratory has investigated the folding kinetics and thermodynamic 
stability
207
 of DNA hairpins containing 5-base pairs (bp) in the stem and 21 polythymidine 
nucleotides (nt) in the loop. These studies were carried out using a range of NaCl concentrations 
in the background buffer, ranging from 0 to 500 mM, and revealed an important dependence of 
hairpin folding and thermodynamic stability on counter ion concentration. In particular, the 
reaction mechanism changed from three state reactions above 25 mM NaCl to two state reactions 
below 25 mM NaCl and also the stability increased with the increasing concentration of NaCl. 
207 
 In this work, we investigate thermodynamic stability of DNA hairpins with identical 5-bp 
stem size but with varying poly(dT) loop lengths from 4-21 nt, as a function of counter ion 
concentration. In all of the hairpins, the stability increases with increasing counter ion 
concentration as expected, and the stability increases with decreasing loop size.  In the case of 
tetra loop hairpins, the stability pattern depends on the counter ion concentration regime. For 
counter ion concentrations below 25 mM NaCl, the stability of the tetraloop hairpin follows the 
same trend as that observed for the longer loop length hairpins. However, above 25 mM NaCl, 
the tetraloop hairpins exhibit exceptional thermodynamic stability above and beyond that 
observed in longer loop length hairpins. This contrasting stability behavior of tetraloop hairpins 
at lower and higher counter ion concentrations as compared to longer loop length hairpins may 
reveal important information regarding DNA tetra loop formation and its biological importance. 
In particular, we suggest the enhanced stability at higher NaCl concentrations is due to unusual 
intra-loop base-stacking interactions in the tetraloops and the stem.
242-244
 The studies reported 









The DNA hairpins examined in these studies consisted of a five base pair stem with the 
complementary sequences 5’-AACCC and GGGTT-3’ and loops containing 4, 8, 12 and 21 
polythymidine [poly(dT)] residues. The hairpins were dual labeled with fluorophore 5-
tetramethylrhodamine (5-TAMRA) at 5’ end and a quencher 4-(dimethyl amino azo) benzene-4-
carboxyllicacid (dabcyl) at 3’ end. Control DNA hairpin samples labeled with the dye TAMRA 
at 5’ end but without quencher at 3’ end were examined for comparison. Fluorescently labeled 
poly(dT) loop DNA hairpins were synthesized, HPLC purified, and characterized using mass 
spectrometry by Integrated DNA Technologies (Coralville, IA). 1M stock 
tris(hydroxymethyl)aminomethane-hydrochloride (tris-HCl) was purchased from Sigma-Aldrich 
and sodium cacodylate buffer was purchased from Electron Microscopy Sciences (Hatfield, PA). 
Molecular biology grade EDTA and sodium chloride (NaCl) were purchased from Cal Biochem 
(Gibbstown, NJ). All chemical stock solutions were conformed to be RNAs, DNAs and protease 
free. 
4.2.2 Sample preparation 
 
50-100 nM DNA samples were prepared in 2.5 mM Tris-HCl buffer and 250 µM EDTA. 
Various concentrations of sodium chloride, ranging from 0 mM to 1000 mM, were prepared for 
stopped-flow mixing experiments as well as thermodynamic melting experiments. Various 
concentrations of DNA, ranging from 1.4 µM to 10.9 µM, were prepared in 10 mM sodium 
cacodylate buffer and 0.1 mM EDTA for carrying out UV-Vis melting experiments of tetraloop 
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hairpins.  All the above mentioned samples were prepared in nuclease free water, purchased from 
Applied Biosystems (Carlsbad, CA).All solutions were filtered through 0.22 micron Nalgene 
nitrocellulose filter units. 
4.2.3 Stopped Flow Mixing Experiments 
 
Stopped-flow mixing experiments were carried out using an Applied Photophysics SX-20 
stopped-flow instrument (Surrey, United Kingdom). Buffer solutions containing 100 mM DNA 
hairpin in 0 mM NaCl were mixed with pure buffer solutions containing varying concentrations 
of NaCl inside a 5 µl mixing cell. Folding reactions were observed by monitoring the quenching 
of fluorescence of TAMRA dye after a 450 µs mixing time. To observe the fluorescence, the dye 
was excited at 547 nm with bandwidth set to 2 nm and the emission from the dye was detected 
using 570 nm high pass filter. In the stopped flow experiment, all the folding traces for different 
loop length DNA hairpins and control DNA hairpins without quencher at various NaCl 
concentrations were collected and repeated at least three times for the statistical accuracy of our 
data collections.  
4.2.4 Fluorescence Melting Experiments 
 
To examine various DNA hairpin samples, we monitored the temperature dependent 
fluorescence of the dye-quencher labeled DNA from 5ºC to 95ºC on a steady-state fluorometer 
(AVIV MODEL ATF 105) equipped with a water bath for sample temperature control. The 
samples analyzed contained 50 nM DNA in Tris/HCl/EDTA buffer and varying concentrations 
of NaCl, ranging from 0 to 500 mM.  The fluorescence of the TAMRA dye was excited at 547 
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nm, and the emission was monitored at a single wavelength 585 nm (4 nm excitation and 
emission bandwidths).  
4.2.5 UV-Vis Melting Experiments 
Temperature dependent UV-Vis absorbance measurements were used to compare the 
melting profile of a labeled DNA hairpin with an unlabelled DNA hairpin to observe the effect of 
dye and quencher on the thermodynamic stability of DNA hairpin samples and also to rule out 
the possibility of duplex and quadruplex formation in the hairpin samples. These measurements 
were carried out using Varian Cary 50BioUV-Vis spectrophotometer equipped with multi cell 
holder and heating/cooling unit. Oligo samples of concentrations ranging from 1.4 µM to 10.9 
µM, with and without dye and quencher, were used for the melting experiments. Samples were 
heated to 95
0
 C and were cooled back to the starting temperature of the melt to check the 
reversibility as well as to eliminate the air bubbles in the samples. Absorbance versus 
temperature melting profiles were monitored at 260, 265 and 295 nm wavelengths respectively, 
using single beam mode and subtracting the absorbance from the cuvette containing buffer.  
4.3 RESULTS 
 
Melting profiles for the DNA hairpin samples were obtained by monitoring the fluorescence 
intensity of the TAMRA dye label versus the temperature. Figure 4.1panelA shows 
representative fluorescence intensity versus temperature profiles for 5-bp stem and 4 poly(dT) 
loop length hairpin at varying NaCl concentrations. Similar melting profiles were also obtained 
for the 8, 12 and 21 poly(dT) loop length hairpins. We analyze these melting profiles assuming 
the two-state modelfolded  unfolded.
186,193,207
 The first step toward determining the 
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thermodynamic parameters for the folding and unfolding reactions is to estimate the fraction of 
the DNA hairpins in the unfolded state, as a function of temperature, ( )
UN













where ( )I T is the fluorescence intensity at temperatureT . UNI and FI are the measured 




C respectively.  
From the melting curve analysis, we can evaluate the equilibrium constant 
( )[ ]
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                                                                    (1.2) 
Furthermore, the fraction of the unfolded state, ( )
UN
Tf  in terms of free energy change, G , is 





















Figure 4.1: Melting profiles for 5-base pair stem and 4 poly(dT) loop length DNA hairpin 5’-
AACCC (T)4-GGGTT-3’. Panel A shows the plot of the fluorescence intensity  versus varying 
NaCl concentration (black, 0; red, 5; blue, 10; dark cyan, 25; magenta, 50; dark yellow, 100; 
navy, 500 mM, respectively) for the tetraloop DNA hairpin. Panel B shows the fitting of 
temperature melting curve for tetraloop hairpin at 50 mMNaCl. All the above measurements 





The free energy change of the unfolded state of the hairpin can also be expressed as 
G H T S                                                                                                         (1.4) At 
the melting temperature, equation (1.4) becomes  
m
G H ST                                                                                              (1.5)                                                                                            






                                                                                         (1.6)  
Introducing the expression for G  from equation (1.6) into equation (1.3), the fraction of the 
unfolded state, ( )
UN





















                                                                   (1.7) 
The melting profile is modeled using the equation (1.7) and the equation below 
,0 ,0
( ) [(1 ( ))]*[ * ] ( )*[ * ]
F UNF UNUN UN
I T T T T Tf fS SI I                            (1.8) 
where
FS and UNS are defined as the baseline slopes for folded conformation and unfolded 
conformation respectively. 
,0FI and ,0UNI are fluorescence intensities extrapolated to T=0 for 
folded and unfolded conformation respectively. The experimental melting data were fitted to 
equations (1.7) and (1.8) to determine melting temperature and enthalpy of the unfolding 
reaction. The parameters for this equation are illustrated in Figure 4.1 panel B, which shows the 
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experimental data and the fit. The melting temperatures (
mT s) evaluated from the fitting at 
varying NaCl concentrations are shown in Table 4.1. 
 Based on the trends observed in the melting temperatures, we find thatfor each loop 
length hairpin the melting temperature and thermodynamic stability of the folded state increases 
with the increase in counter ion concentration. This enhanced stability can be explained on the 
basis of polyelectrolyte theory. Since DNA is a highly charged polyanion, mono-valent Na
+
 is 
necessary to stabilize its folded state. Furthermore,  careful observation of the melting profile of 
the hairpins and the melting temperatures, Tms, determined from fitting (see Table 4.1) shows 
that for a given counter ion concentration, the thermodynamic stability of the folded state 
increases with decreasing loop length, which can be explained by lower entropic cost of loop 
closure for smaller loop length hairpins.
179,181
 In particular, the 4 poly(dT) loop, or tetraloop, 
hairpin shows exceptional thermodynamic stability at all counter ion concentrations, including 0 
mM NaCl. Below, we examine whether this stability is expected based on loop length 
considerations, or whether other factors enhance the stability above and beyond loop length 
considerations alone. 
 To gain a clear understanding about the effect of counter ion concentration on 
thermodynamic stability of different loop length hairpins, we plotted the melting temperature as 
a function of varying NaCl concentrations. Figure 4.2 left Panel (A, B and C) shows the plot of 
melting temperatures (Tms) for NaCl concentrations ranging from 50 mM to 500 mM. Similarly, 
the Figure 4.2 right Panel (D, E and F) represents the plot of melting temperatures (Tms) for 
NaCl concentrations ranging from 0 mM to 25 mM.  For higher counter ion concentrations, it 
was found that the melting temperatures exhibited a nearly linear dependence on loop length for 
thelonger loop lengths 8, 12 and 21 poly (dT) nucleotide hairpins. Regression analysis of the 
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temperature melt data for the larger poly (dT) loop length DNA hairpins was performed to obtain 
the best-fit linear equation expressing Tm as a function of loop length (solid red line).  Error 
analysis was also used to calculate 95% confidence intervals for the regression equation (solid 
blue and green lines). To investigate the exceptional stability of the tetraloop hairpin as 
compared to longer loop length hairpins, the Tm values determined from experiment (black 
squares) and the Tm values predicted by extrapolating the regression equation to a 4 poly(dT) 
loop (red dots) were compared.  For higher counter ion concentration regime (50, 100 and 500 
mM NaCl), the determined experimental Tm values for the tetraloop hairpin were higher than the 
Tm values predicted by the regression equation.  Moreover, the experimental Tmvalues for the 
tetraloop hairpins are well outside (higher than) the confidence level predicted by the regression 
line. This analysis shows the tetraloop hairpin exhibits exceptionally high thermodynamic 
stability at higher counter ion concentration regime from 50 mM NaCl and above, as compared 




Table 4.1. Thermodynamic parameters for DNA hairpins melting 
[NaCl] (mM) 
Melting Temperature, Tm (° C) 
Tetraloophairpin Poly(dT)8hairpin Poly(dT)12hairpin Poly(dT)21hairpin  
0 68.4 (2.4) 45.3 (2.7) 29.1 (2.3) 14.6 (2.1) 
5 71.6 (2.3) 50.3 (1.9) 36.5 (2.6) 23.6 (2.7) 
10 74.4 (2.3) 53.4 (2.5) 40.5 (2.7) 27.1 (3.1) 
25 76.7 (2.0) 56.7 (2.4) 46.4 (2.5) 33.7 (2.2) 
     








64.5 (1.9) 57.8 (1.7) 44.7 (2.1) 
     
500 91 (2.1) 77.1 (1.8) 72.1 (2.0) 54.3 (2.9) 
 
a
Melting temperature of labeled tetraloop hairpin carried out by UV absorbance measurements at 
100 mM NaCl. 
b
Melting temperature of unlabeled tetraloop hairpin carried out by UV absorbance measurements 








Figure 4.2: The plot of melting temperature, Tm versus loop length for different poly(dT) loop 
length hairpins at varying NaCl concentrations. (Left: panel A, 500 mM; panel B, 100 mM; panel 
C, 50 mM) and (Right: Panel E, 0 mM; panel F, 10 mM; panel G, 25 mM)  The black squares 
represent the experimentally determined Tm values from the fitting algorithm.  The red line 
represents the best-fit linear regression using data for T8, T12 and T21 hairpins.  The blue and 





 A similar regression and error analysis was carried out  for the  8, 12 and 21 poly(dT) 
loop length hairpins at lower counter ion concentrations (0, 10 and 25 mM NaCl). However, in 
the lower counter ion concentration regime, the relationship between Tm and the loop length is 
no longer linear. Therefore, the regression analysis produced larger error bars, such that the 
melting temperature of the tetraloop hairpin fell within the predicted range. This suggests at 
lower counter ion concentration, the experimental Tm values for the tetraloop hairpin are 
consistent with the loop length dependence observed for longer loop length hairpins. In 
summary, it was found that the tetraloop exhibits unusual thermal stability compared to longer 
loop length hairpins, but this unusual stability is dependent on counter ion concentrations above 
50 mM NaCl, and is less pronounced at lower counter ion concentrations. 
 To quantify the exceptional counter ion dependent tetraloop stability, we determined the 
free energy change of different loop length hairpins as a function of varying NaCl 
concentrations. Figure 4.3A shows the change in free energy, ΔG in kcal/mole as a function of 
varying counter ion concentrations for 4, 8, 12 and 21 poly(dT) loop length hairpins. The change 
in free energy, ΔG for each loop length hairpin was calculated by using experimental enthalpy 
change equation (1.6). The free energy change plot clearly shows that the stability increases with 
the decrease of the loop length and tetraloop hairpin is the most stable hairpin. Remarkably, even 





C in contrast to longer loop length hairpins, as evidenced by the large negative 
ΔG. 






    (1.9) 
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predictedG are the values that would be obtained assuming the thermodynamic stability of 
tetraloop hairpin exhibits the same loop-length dependence as the longer loop length hairpins. 
,m predictedT was obtained using mT values predicted by regression analysis in mT  vs. [NaCl] 
plots (Figure 4.2). ∆H predicted values for the tetraloop hairpin at varying NaCl concentrations 
were predicted by extrapolation from longer loop length hairpins. Figure 4.3B shows the 
ΔHexperimental versus loop length plot at various NaCl concentration for 8, 12 and 21 poly(dT) loop 
length hairpins. The ΔHpredicted values were obtained by extrapolating the line to 4 poly(dT) loop 
length hairpin. The measured ∆H values for the tetraloop hairpins are also shown for the 
comparison. The careful observation of experimentally determined ΔGexperimental values (cyano 
triangles) and predicted ΔGpredicted value shows that in the higher concentration regime of 50 mM 










Figure 4.3: Panel A presents the plot of experimental ΔG values versus NaCl concentration for 
different poly(dT) loop length hairpins :T4 hairpin, black; T8, royal; T12, dark cyan; T21, magenta. 
The red circles show the predicted ΔG values for the tetraloop hairpin (T4) at varying NaCl 
concentrations. The plot of ΔG base-stacking versus NaCl concentration for the tetraloop hairpin is 
shown in the inset.  Panel B shows plots of experimental ΔH values versus loop length at varying 
NaCl concentrations (0 mM, black square; 5 mM, blue triangle; 10 mM, pink triangle; 25 mM, 
blue diamond;50 mM, magenta circle; 100 mM, royal circle; 500 mM, purple circle). Regression 
lines based on ΔH data for 21, 12 and 8 poly(dT) loop length hairpins are shown for different 
NaCl concentrations (0 mM, red; 5, dark cyan; 10, dark yellow; 25, wine; 50, olive; 100, orange; 
500 mM, purple) and are used to predict ΔH for tetraloop hairpins at each NaCl concentration. 
The inset Figure 4 B shows the plot of ΔHbase-stacking as a function of varying NaCl concentration 




to the corresponding ΔG values determined from the experiment. In the lower counter ion 
concentration regime up to 25 mM NaCl, both predicted and experimentally determined ΔG 
values nearly overlap with each other. This free energy analysis further supports the unusual 
counter ion dependent stability of tetraloop hairpin compared to other longer loop length 
hairpins, as evidenced by our melting temperature versus loop length analysis (Figure 4.2). 
 Rapid stopped-flow mixing was used to investigate the folding kinetics of the various 
size DNA hairpins as a function of NaCl concentration. Folding reactions of 4, 8, 12 and 21 
poly(dT) loop length hairpins were carried out by mixing 100 nM DNA hairpins in 0 mM NaCl 
(low salt buffer) in one channel with varying concentrations of NaCl ranging from 0 mm to 1000 
mM NaCl in the other channel. Reactions were monitored by observing the quenching of the 
TAMRA fluorophores by dabcyl after a mixing time of ~450 µs. All experiments were carried 
out at a laboratory temperature of ~22°C.Figure 4.4 (panels A, B, C and D) shows stopped flow 
mixing data obtained for different poly(dT) loop length DNA hairpins in an aqueous buffer. 
Control experiment data is also shown (on the top of each panel) for comparison.  
 As we compare the folding reactions of different loop length hairpins (Figure 4.4, panels 
A, B, C and D), we found that the folding reactions of hairpins smaller than 12 poly(dT) loop 
length cannot be observed on the time scale of our rapid-mixing stopped-flow experiment. For 
the 12 poly(dT) loop length hairpin, only the reaction at the lower NaCl concentration can be 
observed. This suggests that the folding reactions generally occur on a faster time scale than the 
450 µs mixing time, as the hairpin loops become smaller and as the NaCl concentration 
increases. The rapid-mixing stopped-flow data also reveals the relative thermodynamic stability 
of the different sized hairpins after equilibrium is established at the room temperature of the 
experiment (22
0








Figure 4.4: Experimental stopped-flow kinetics data for hairpins with a 5-base pair stem and 
different poly(dT) loop lengths are presented in four panels: Panel A, T4 loop length; Panel B, 
T8 loop length; Panel C, T12 loop length; Panel D, T21 loop length.  In each panel, data is 
shown for the various NaCl concentrations:  (wine,0; pink,5; olive,10; royal,25; orange,50; 
purple,100; violet,500 mM NaCl; black, background buffer).  At the top of each panel, the 
kinetics data for the respective control DNA hairpins without quencher are shown for 






the stability of the folded state increases with increasing NaCl concentration, as is evident from 
the increased quenching of the TAMRA fluorescence. However, the unusual thermodynamic 
stability of the tetraloop is further revealed by the careful observation of the stopped-flow mixing 
data shown in Figure 4.4 (panel A). Interestingly, we found that even at 0 mM NaCl (without 
counter ion concentration) the hairpin has been folded significantly and the extent of quenching 
does not depend on counter ion concentration. 
  To further substantiate the above observations, we plotted average fluorescence versus 
NaCl concentration for different poly(dT) loop length hairpins from rapid-mixing stopped-flow 
experiments at 22
0
C, as shown in Figure 4.5. Here we observe that for loop length 8,12 and 21 
poly(dT) hairpins, there is significant quenching of TAMRA fluorescence due to folding as we 
go from 0 mM NaCl (where the hairpins are unfolded) to 500 mM NaCl. Whereas, for 4 
poly(dT) loop length hairpin, the quenching is significant even at 0 mM NaCl and the extent of 
quenching does not depend on NaCl concentration. The folding kinetics of loop length 8 and 12 
poly(dT) hairpins follow the same pattern as our previously studied 21 poly(dT) hairpin.
207
 
 The question might arise whether the dye-quencher interaction may play a role in the 
thermodynamic stability and folding behavior of the tetraloop hairpin. In order to address this 
question, we performed UV-Vis melting experiments for both TAMRA dye and dabcyl quencher 
labeled hairpin and unlabeled tetraloop hairpin at 100 mM NaCl buffer. The melting profiles for 
labeled and unlabeled tetraloop hairpins are shown in Figure 4.6.The melting temperatures, Tms 
for both the labeled and unlabeled tetraloop hairpins were determined by fitting the UV-Vis 
melting data with linear baselines. We found that the melting temperatures, Tms for labeled and 
unlabeled hairpins are identical within statistical  
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Figure 4.5: The plot of average fluorescence versus NaCl concentration from stopped-flow 
experiments for different loop length hairpins (black, T4 loop; red, T8 loop; blue, T12 loop;  








































Figure 4.6: The absorbance versus temperature melting profiles for labeled tetraloop DNA 
hairpin 5-AACCCTTTTGGGTT-3 (panel A) and the unlabeled tetraloop hairpin (panel B).The 
absorbance at 265 nm has been plotted as a function of temperature for 10.9 µM oligo 
concentration (for both labeled and unlabeled  hairpins) in 100 mM NaCl buffer. The melting 
temperatures for both samples are determined to be equal, within statistical error (see Table 4.1).  
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error (See Table 4.1). The UV-Vis melting experiments suggest that the dye label has no effect 
on the exceptional thermodynamic stability and unusual folding behavior as compared to other 
longer loop length hairpins studied in this work. Similar thermodynamic analysis were 
performed (see supporting information) to rule out the possibility of duplex and/or quadruplex 




 There have been numerous structural and thermodynamic studies on stem-loop nucleic 
acid hairpins. The present investigation of counter ion dependent thermodynamic stability and 
folding kinetics of various loop length DNA hairpins provide important information about the 
unusual properties of tetraloop hairpins in different counter ion concentration regimes. As 
expected, the thermodynamic stability of different loop length hairpins increases with the 
decrease of loop length with smaller loop length hairpins stabilized to a greater extent than 
longer loop length hairpins. This loop length dependent stability can be explained by entropic 
cost of loop closure
179,181,245
 in which the closure of the longer loop requires more free energy 
than the closure of the smaller loop. Therefore, from the entropic standpoint, the smaller loop 
length hairpins are more stable than longer loop length hairpins. Previously it has been suggested 
that the hydrophobic interactions within the loops, and the exclusion of water from the tight 
loops, may be important factors in stabilizing smaller loop length hairpins.
246
  The most apparent 
result of our studies is that the tetraloop hairpin exhibits unusually high thermal stability 
compared to longer loop length hairpins, but this unusual stability is highly dependent on counter 
ion concentration above 50 mM NaCl and is less pronounced at lower counter ion 
concentrations. We suggest the exceptional stability of the tetraloop hairpin at higher counter ion 
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concentration regime can be explained by the combined unusual thymidine-thymidine (T-T) base 
stacking in the loop regions and the entropic effect of the loop closure. In contrast, the larger 
polythymidine loop length hairpins are not believed to exhibit significant intra-loop base-
stacking, and the base-stacking diminishes with the increase of loop length.
181,245, 247
 
 Previously, Hare et al.
242
performed2D-NMR and distance geometry calculation studies 
on d(CGCGTTTTCGCG) and observed that the DNA sequence forms hairpins in solution and 
the bases in the loop region are stacked. Chattopadhyayaet.al.
243,245
 resolved the crystal structure 
of a synthetic DNA hexadecanucleotide of sequence C-G-C-G-C-G-T-T-T-T-C-G-C-G-C-G and 
noticed that it adopts a monomeric hairpin configuration with a Z-DNA hexamer stem. They also 
observed that in the T4 loop, bases T7, T8 and T9 stack with one another and with the sugar of 
T7. They also observed that two T10 bases from different molecules stack between the C1-G16 
terminal base pairs to simulate a T.T mis-pair. Further, the distances between thymine N and O 
atom suggest that two thymine bases are hydrogen bonded.
243,245 
The tetraloop hairpin in the 
present studies with the sequence 5’-AACCCTTTTGGGTT-3’ probably shows intra loop 
interaction, whereT6, T7, T8 and T9 thymine bases stack with each other at higher counter ion 
concentration. Figure 4.7 illustrates the base-stacking effect of tetraloop hairpin at higher counter 
ion concentration. 
 However, in the lower counter ion concentration regime up to 25 mM NaCl 
concentration, the effect of intra loop base stacking is less pronounced and the thermal stability 
of the hairpin is mainly due to the entropic effect of the loop closure. Therefore, the thermal 
stability of the tetraloop hairpin is consistent with the trends observed for 8, 12 and 21 poly(dT) 
loop length hairpins. In summary, the exceptionally stability of the tetraloop hairpins compared 
to longer loop length hairpins in the higher counter ion concentration regime is due to the 
110 
 
combined effect of unusual base stacking in the loop regions and entropic effect of the loop 
closure.  In the lower counter ion concentration regime, the thermal stability of the tetraloop 
hairpin is primarily due to entropic effect and the intra loop base stacking effect is less 
pronounced.  
 The intra loop base stacking effect which is responsible for the greater stability of 
tetraloop hairpin in the higher counter ion concentration regime can be quantified in terms of free 
energy change of base stacking as: 
base stacking observed predictedG G G                                                                          (1.10) 
Where, 
predictedG is given by equation (1.9) and represents the free energy change assuming 
entropic considerations alone. For example, at 100 mM NaCl, we find
base stackingG  = ‒1.2 ± 
0.14 kcal/mole, while at 0 mM NaCl, 
base stackingG  = 0.01 ± 0.3 kcal/mole. This represents the 
enhanced stability provided by the base-stacking interaction in the loop. The plot of 
base stackingG  as a function of varying NaCl concentration is shown in the inset Figure 4.3A for 
illustration. Likewise, the intra-loop base-stacking in terms of enthalpy change can be written as: 
base stacking observed predictedH H H     (1.11)  
For example, at 100 mM NaCl, 
base stackingH  = ‒3.28 ± 0.32 kcal/mole, while at 0 mM NaCl, 
base stackingH  = 0.02 ± 0.9 kcal/mole, which shows that at higher counter ion concentration of 
50 mM and above, the enthalpic contribution of base-stacking is significant. The plot of 
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base stackingH   as a function of varying NaCl concentration is shown in the inset Figure 4.3B for 
illustration.  
 









 The enhanced base-stacking interactions at higher counter ion concentration can be 
further explained by the collapse of the hydrophobic bases in the more polar solvent, famously 
known as “hydrophobic collapse”. The tetraloop hairpin is structurally rigid and due to the more 
polar nature of solvents (water) at higher counter ion concentrations, the non-polar hydrophobic 
bases stack with each other. Once the hydrophobic bases stack, release of water results in an 
overall entropy gain for water. Whereas, at lower counter ion concentrations, the base-stacking 
interactions are less pronounced due to the less polar nature of the solvent. 
 In summary, we found that the free energy change of the base-stacking at higher counter 
ion concentration regime of 50 mM NaCl and above is significant compared to negligible or 
almost zero in the lower counter ion concentration regime up to 25 mM NaCl. This suggests that 
the extra stability of the tetraloop hairpin at higher counter ion concentrations is due to unusual 
intra-loop base-stacking effect which is less pronounced or negligible at lower counter ion 
concentrations.  Moreover, the base-stacking interactions at higher counter ion concentrations 
enhance the stability of already more rigid tetraloop hairpins. In other words, the thermal 
stability of tetraloop hairpin at lower counter ion concentration is more consistent with the longer 
loop length hairpins where there is no such unusual intra loop base stacking. 
4.5 CONCLUSION 
 
 In summary, we have reported stopped-flow mixing and thermodynamic melting 
experiments to investigate the loop length dependent folding and stability of DNA hairpins. We 
observed that the tetraloop hairpin is exceptionally stable compared to other longer loop hairpins 
studied and this unusual stability is highly dependent on counter ion concentrations. In the higher 
counter ion concentration regime of 50 mM NaCl and above, the tetraloop exhibits unusually 
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high thermal stability as compared to longer loop length hairpins. This unusual high stability of 
tetraloop hairpin compared to longer loop length hairpins can be explained by combined entropic 
effect and intra-molecular base stacking.  However, in the lower counter ion concentration 
regime, the thermal stability of tetraloop hairpin is consistent with other longer loop length 
hairpins due to entropic effects only. Moreover, at higher counter ion concentrations, the 
hydrophobic collapse of the non-polar bases in more polar solvent enhances the base-stacking 
interactions, giving extra stability to the already more rigid tetraloop hairpin. Our stopped flow 
mixing studies reveal that the folding becomes faster with the decrease of the loop length from 
21 polythymidine loop to 4 polythymidine loop as a function of counter ion concentration. 
Remarkably, tetraloop hairpin folds significantly even at 0 mM NaCl and this unusual stability at 
0 mM counter ion concentration is due to highly rigid tetraloops and very low entropic cost of 
loop closure. Since DNA hairpins play important roles in gene transcription, recombination and 
other important biological processes, these exceptional and unusual counter ion dependent 
stability studies may help reveal important biological information. 
4.6 Supporting Information 
 
 We performed concentration dependent melts of the DNA samples using UV-Vis 
melting experiments (See manuscript for details) to investigate the presence of duplex in our 
tetraloop hairpin samples. The absorbance versus temperature melting profiles were scanned at 
265 nm for various DNA concentrations and the melting temperatures (Tm s) were calculated 
using two state models with linear base lines (see Figure 4.8). Table 4.2 shows the melting 
temperatures of the tetraloop hairpin at varying oligo concentrations. We observed that the 
melting temperatures do not change as a function of DNA concentration and the Tms at various 
micro-molar oligo concentrations are approximately equal within the statistical error. Since the 
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melting temperatures do not change with varying DNA concentration, the presence of dimer or 
duplex formation is ruled out in the hairpin samples. Furthermore,for the UV-Vis melting 
experiments, micro-molar DNA concentrations were used and for rapid-mixing stopped flow 
experiments, we used nano-molar DNA concentrations. Since UV-Vis melting experiments rule 
out the possibility of duplex formation in micro-molar concentrations of DNA samples, the 
possibility of duplex formation in our nano-molar samples in stopped-flow mixing experiments 
is also eliminated. 
The guanine rich oligodeoxinucleotides can form a tetrameric structure called G-
quadruplex
248,249,207 
.Giventhe sequence of our DNA hairpin (5’- AACCCTTTTGGGTT) which has 3 
guanines at 3’ end, there is a theoretical possibility of G-quadruplex formation in our samples. In 
order to rule out the possibility of G-quadruplex formation, the UV-Vis thermals melts at various 
micro-molar DNA concentrations were performed and were monitored at 265 and 295 nm. 
Figure 4.9 shows the melting profiles at both 265 nm and 295 nm for two micro-molar DNA 
samples. The melting monitored at 265 nm (A265) shows a sigmoidal (hyperchromic) curve and 
the melting monitored at 295 nm (A295) does not show an inversesigmoidal curve. Since the 
melting curves at 295 nm are not inverse sigmoidal curves
250,251,207 
at various micro-molar DNA 
concentrations, these results suggest that there is no possibility of G-quadruplex formation in our 
hairpin samples.  
Additionally, we investigated this question of G-quadruplex formation by using an 
algorithm- called QuadDB
250,207
and a program Quadparser, developed by Simon Rodgers and 
Julian Huppert at the University of Cambridge, U. K.  This algorithm is based on a folding rule: 
A sequence of the form d(G3+N1-7G3+N1-7G3+N1-7G3+) will fold into a quadruplex under near-
physiological conditions. Here ‘N’ refers to any base, including guanine, and the near-
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physiological conditions are 100 mM KCl and 10 mM Tris-HCl (pH 7.4). Results from this 
program showed that quadruplex formation would not occur with our tetraloop hairpin sequence 
hairpin.  Therefore, based on both the melting experiments and the Quadparser program, we 










Figure 4.8: The absorbance versus temperature melting profiles for tetraloop DNA hairpin 5-
AACCCTTTTGGGTT-3.The absorbance at 265 nm has been plotted as a function of 
temperatures for three different concentrations of DNA hairpin (2.8 µM, top;5.6µM, middle; 
10.9 µM, bottom) in 100 mM NaCl buffer. The melting temperatures have been calculated by 






Figure 4.9: Thermal denaturation profiles for tetraloop DNA hairpin in10 mM sodium cacodylate 
buffer (pH 7.4) and 0.1 mM EDTA containing 100 mM NaCl monitored at 265 nm (black) and 
295 nm (blue) respectively. The absorbance profile in the upper panel is for 10.9 µM DNA 








Figure 4.10: Melting profiles for DNA hairpins with 5-base pair stem and variable poly(dT) 
loop lengths are shown. (Panel A, T4 loop; Panel B, T8 loop; Panel C, T12 loop; Panel D, T21 
loop)  In each panel, the fraction of the unfolded state is plotted as a function of temperature for 
varying NaCl concentrations (black, 0; red, 5; blue, 10; dark cyan, 25; magenta, 50; dark yellow, 




Table 4.2. Concentration Dependent Melting Temperatures, Tms of Tetraloop DNA Hairpin at 
100 mM NaCl 
[DNA] (µM) Tm (° C) 
2.8 80.7 (1.4) 
5.6 79.7 (2.2) 
10.9 80.2 (2.4) 
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CHAPTER 5: RNA Hairpins Folding/Unfolding and 





This chapter describes the folding and unfolding kinetics of RNA hairpins with identical 
four base pair stems but different fifteen nucleotide loop sequences as a function of KCl 
concentration by using rapid-mixing stopped-flow techniques. Our results suggests the reactions 
occurred on a time scale of milliseconds, considerably longer than the microsecond time scale 
suggested by previous kinetics studies of similar sized hairpins. Previous Fluorescence 
Correlation Spectroscopy (FCS) studies of the same loop and stem sequence RNA hairpins 
suggests intermediate reaction occurs on microsecond time scale but could not probe the reaction 
kinetics of longer millisecond time scale due to time resolution problems. Importantly, our 
stopped-flow kinetics results of 4 base pair stem and 15 nucleotide loop hairpin 5’-
CGGUUUCCCUCCCUCCUUUGCCG-3’ suggests that the forward reaction is very fast as 
compared to reverse reaction. This finding is contrast to our previous DNA hairpin folding 
kinetics studies (J. Am. Chem. Soc. 2012, 134, 2453-2456), which suggests the forward and 
reverse reaction occurs on equal millisecond time scale.  Therefore, rapid-mixing studies suggest 
that the RNA folding kinetics are much more complex than our previously studied DNA hairpins 
and the folding occurs through more than two states with multiple intermediates. Furthermore, 
the loop compositions of the RNA hairpins determine the time scales of folding. Finally, the 
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 RNA hairpins are one of the most important secondary structures and fundamental 
building blocks for intricate three-dimensional RNA structures.
252-256
 RNA hairpins perform 
numerous biological functions such as from controlling transcription termination to gene 
expression and also serve as a nucleation site for RNA folding.
256-261
 They facilitate RNA folding 
by forming tertiary contacts and also influence translational regulation and viral propagation 
etc.
262
 The fact that the RNA hairpins play such a pivotal role in various cellular functions has 
made it prerogative to determine its structure, function and conformational dynamics.
263
 It is 
therefore a prerequisite to decipher the RNA hairpin folding mechanism in order to understand 
the complex RNA tertiary structure folding. 
The Watson-Crick base-paired stem capped with a loop of unpaired or non-Watson-Crick 
base paired nucleotides constitute a RNA hairpin.
255
 Over the years, there have been numerous 
experimental and theoretical investigations carried out to understand the structural and dynamic 
properties concerning RNA hairpin folding.
256,264-306
 Yet, there remains controversy whether 
these hairpins fold in a two-state or multi-state with one or more intermediates. Traditionally, the 
thermodynamic measurements interpret the two-state model for RNA hairpin folding.
307,308  
In 
the past, kinetics of nucleic acid hairpin folding was interpreted in terms of a two-state process 











 experiments hypothesized multi-state folding kinetics. For example, in 2006, Van 
Orden and co-workers
310
 observed the discrepancies between equilibrium distributions from 
thermodynamic melting experiments and FCS experiment.  FCS combined with photon 
Counting Histogram (PCH) experiment indirectly predicted at least the existence of a three-state 
mechanism of DNA hairpin folding. But, unfortunately due to the time resolution limitation, the 
FCS experiments observed the intermediate reaction at micro second time scales but could not 
directly observe the complete folding trajectory of the hairpin formation which may be 
happening in millisecond time scales. Then as discussed in Chapter 3 and Chapter 4, we 
observed a three-state mechanism by using the rapid-mixing stopped-flow kinetics techniques.
314 
We suggest a three-state reaction mechanism, wherein intermediate formation occurs on tens to 
hundreds of micro second time scales, and complete hairpin formation occurs on a millisecond 
time scale. The stopped-flow technique combined with FCS probed the complete folding 
trajectory of the hairpin formation.
310,314
 Similarly, Ma et al.
312 
found the evidence of 
intermediate formation by using T-jump experiments and these authors proposed that an 
intermediate state in which the end of the hairpins are in contact but the base-pairing and base-
stacking are not yet formed. 
Several theoretical studies
285,315-317
 have thrown down the gauntlet toward the existence 
of a two-state model, suggesting that alternative secondary structures can be important as 
intermediates even in rather small hairpins. For example, Pande and co-workers
292
 performed 
serial replica exchange molecular dynamics simulations of the small GCAA tetraloop hairpin and 
proposed the existence of several meta-stable intermediates and found that the hairpin folding is 
simply not a two-state process. However, none of these theoretical models cited base-stacking 
129 
 
interaction in single stranded regions of the RNA hairpins. Although all the experimental 
observations and theoretical findings of the various research groups are unanimous with the fact 
that even the folding of the smallest of RNA motifs is quite complex.  
Previously (as described in Chapter 3), our laboratory
314
 has investigated the folding 
kinetics and thermodynamic stability of DNA hairpins containing 5-base pairs (bp) in the stem 
and 21 polythymidine nucleotides (nt) in the loop. These studies were carried out using a range 
of NaCl concentrations in the background buffer, ranging from 0 to 500 mM, and revealed an 
important dependence of hairpin folding and thermodynamic stability on counter ion 
concentrations. In particular, the reaction mechanism changed from three state reactions above 
25 mM NaCl to two state reactions below 25 mM NaCl and also the stability increased with the 
increasing concentration of NaCl. Further, we have also studied the loop length dependent 
kinetics and thermodynamic stability of DNA hairpins. We observed that the tetraloop hairpin is 
exceptionally stable compared to other longer loop hairpins studied and further, this unusual 
stability is highly dependent on counter ion concentrations. In the higher counter ion 
concentration regime of 50 mM NaCl and above, the tetraloop exhibits unusually high thermal 
stability as compared to longer loop length hairpins. We also attempted to explain this unusual 
stability on the base-stacking effect. This unusual base-stacking interaction in tetraloop DNA 
hairpin motivated us to undertake these present RNA hairpin studies. 
Clearly, the folding free energy landscape of RNA hairpins is not fully understood.
297,318-
320
 Importantly, the role of base-stacking in shaping the energy landscape is poorly understood. 
Also as described above, although the ultrafast spectroscopic techniques such as FCS and T-
jump proposed the three-state mechanism for nucleic acid folding but due to the time resolution 
problems, we could not prove it directly. In order to probe the folding kinetics of the RNA 
130 
 
hairpins in the longer time scale of milliseconds and above and to address the role of  base-
stacking interaction in single stranded regions, we investigated the folding kinetics of three RNA 
hairpins with identical four base-pair stems but different fifteen nucleotide loop sequences . We 
used rapid-mixing stopped-flow kinetics
314,321
 to investigate the reaction kinetics of the above 
three RNA hairpins as a function of KCl (mono-valent counter ion) concentrations in millisecond 
time scales. 
Our finding suggests that the reaction times as a function of mono-valent counter ion 
concentration in case of Polypy and PolypyA loop hairpins are closer within the statistical 
accuracy. Whereas, the reaction times in PolyU loop hairpin is very small as compared to other 
two hairpins. This observation suggests that the RNA hairpins of different sequences have 
different base-stacking propensities with PolyU showing no or very negligible base-stacking 
interactions.  Most importantly, the rapid-mixing stopped-flow kinetics studies of Polypy loop 
hairpin shows that the forward reaction time is much faster than the reverse reaction time in 
contrast to previously studied DNA hairpins. This finding suggests that the RNA hairpin folding 
kinetics is much more complex than previously expected and it is not simply a two-state process. 
These studies further substantiate the notion that RNA hairpin folding is at least a three-state 








The RNA hairpins examined in these studies consisted of identical four base pair stem 
with the complementary sequences 5’-CGGU and GCCG-3’ and loop regions containing three 
different sequences of 15 base pair nucleotides. These hairpins with loop sequences (underlined) 
along with identical four base pair stems are given below. i) PolyU loop hairpin (hpU) 5’-
CGGUUUUUUUUUUUUUUUUGCCG-3’; ii) polypyrimidine loop hairpin (hpPy) 5’-
CGGUUUCCCUCCCUCCUUUGCCG-3’; and iii) polypyrimidine loop with a single adenine 
(hpPyA) 5’-CGGUUUCCCUCCCACCUUUGCCG-3’.The hairpins were dual labeled with 
fluorophore 5-tetramethylrhodamine (5-TAMRA) at 5’ end and a quencher 4-(dimethyl amino 
azo) benzene-4-carboxyllicacid (dabcyl) at 3’ end. The respective control RNA hairpin 
sampleslabeled with the dye TAMRA at 5’ end but without quencher at 3’ end were examined 
for comparison. Fluorescently labeled identical stem and different loop RNA hairpins were 
synthesized, HPLC purified, and characterized using mass spectrometry by IBA GmBH, 
Germany. 0.1M cacodylate buffer was purchased from Electron Microscopy Sciences (Hatfield, 
PA). Molecular biology grade EDTA and potassium chloride (KCl) were purchased from Cal 
Biochem (Gibbstown, NJ).Critrion TBE-Urea Gel (15% TBE-UREA) was purchased from Bio-





5.2.2 Sample preparation 
 
50-100 nMRNA samples were prepared in 2.5 mM sodium-cacodylate buffer 
(pH7.4)containing 250 µM EDTA. Various concentrations of potassium chloride, ranging from 0 
mM to 1000 mM, were prepared for stopped-flow mixing experiments as well as thermodynamic 
melting experiments. All the above mentioned samples were prepared in nuclease free water, 
purchased from Applied Biosystems (Carlsbad, CA).All solutions were filtered through 0.22 
micron Nalgene nitrocellulose filter units to remove any contaminated proteins. 
5.2.3 PolyAcrylamide Gel Electrophoresis (PAGE) of RNA hairpins 
 
The integrity of the hairpin samples were checked by running precast criterion TBE-Urea 
Gel (15% TBE-UREA).
322
 The RNA samples were annealed in buffer solution at 70
0
C for 10 
min and then the samples were cooled to 4
0
C at the rate of -1
0
C/min. The running buffer, 1X 
TBE used for the electrophoresis contained 89 mM Tris, 89 mM boric acid and 2 mM EDTA at 
pH 8.2., the sample buffer for the electrophoresis experiment was 89 mMTris, 89 mM boric acid 
and 2 mM EDTA and the loading dye was 0.01 % bromo phenol blue.  The comb was inserted 
into the gel and allowed to polymerize for at least 1 hour. The electrophoresis was filled with 1X 
TBE buffer and subsequently RNA hairpin samples were loaded on a gel. The electrophoresis 
was run for about an hour and gel was soaked about 15 to 20 minutes in 1X TBE to remove urea 
before staining. The gel was stained in 0.5 µgm/ml ethidium bromide in 1X TBE solution for 15 




5.2.4 Stopped Flow Mixing Experiments 
 
Stopped-flow mixing experiments were carried out using an Applied Photophysics SX-20 
stopped-flow instrument (Surrey, United Kingdom).
314,321
 Buffer solutions containing RNA 
hairpin in 0 mM KCl were mixed with pure buffer solutions containing varying concentrations of 
KCl inside a 5 µl mixing cell. Folding reactions were observed by monitoring the quenching of 
fluorescence of TAMRA dye after a 450 µs mixing time. To observe the fluorescence, the dye 
was excited at 547 nm with bandwidth set to 2 nm and the emission from the dye was detected 
using a 570 nm high pass filter. In the stopped flow experiment, all the folding traces for 
different loop length RNA hairpins and control RNA hairpins without quencher, at various KCl 
concentrations, were collected and repeated at least three times for the statistical accuracy of our 
data collections.  
5.2.5 Fluorescence Melting Experiments 
 
To examine various RNA hairpin samples, we monitored the temperature dependent 
fluorescence of the dye-quencher labeled RNA from 5ºC to 85ºC on a steady-state fluorometer 
(AVIV MODEL ATF 105) equipped with a water bath for sample temperature control. The 
samples analyzed contained 50 nM RNA in sodium-cacodylate buffer and varying 
concentrations of KCl, ranging from 0 to 500 mM.  The fluorescence of the TAMRA dye was 
excited at 547 nm, and the emission was monitored at a single wavelength 585 nm (4 nm 






5.3.1 PolyAcrylamide Gel Electrophoresis (PAGE) to check degradation. 
Prior to investigating the folding and unfolding kinetics of the RNA hairpins, the quality 
of the samples were checked by running the criterion TBE-Urea Gel (15% TBE-UREA).
322,323 
Figure 5.1 shows the image of the RNA hairpins after the electrophoresis experiment. The 
extreme left (row 1) band in the Figure 5.1 is the image of three base pair stem and fifteen polyU 
loop hairpin. The second, third and fourth rows represents the bands of four base pair stem and 
fifteen loop hpU, hpPy and hpPyA RNA hairpins.  It can be carefully observed that no smearing 
occurred at all on those bands, which shows that the RNA hairpin samples are not degraded and 







Figure 5.1: 15% TBE-UREA criterion gel electrophoresis of the RNA hairpins.  Lanes 1-4: 3-
base pair stem RNA hairpin (5’-CGG UUUUUUUUUUUUUUU CCG-3’); 4-base pair stem 
PolyU loop hairpin, hpU (5’-CGGUUUUUUUUUUUUUUUUGCCG-3’); 4-base pair stem Poly 
pyrimidine loop hairpin, hPpy (5’-CGGUUUCCCUCCCUCCUUUGCCG-3’); and 4-base pair 





5.3.2 Thermodynamic Melting Experiment of RNA hairpins. 
Melting profiles for different loop RNA hairpin samples were obtained by monitoring the 
fluorescence intensity of the TAMRA dye label versus the temperature. Figure 5.2 shows the plot 
of the fraction of the unfolded state versus temperature profiles for 4-bp stem and PolyU loop 
hairpin (hpU) at varying NaCl concentrations for illustration. The fraction of the RNA hairpins 
in the unfolded state, as a function of temperature, ( )
UN













where ( )I T is the fluorescence intensity at temperatureT . UNI and FI are the measured 




C respectively. The temperature dependent melting curve 
analysis suggests that the melting temperature increases with the increase of KCl concentrations. 







Figure 5.2: Melting profiles for 4-base pair stem and PolyU loop length RNA hairpin 5’-
CGGUUUUUUUUUUUUUUUUGCCG-3’. The fraction of the unfolded state of the hairpins 
plotted as a function of temperature for varying KCl concentrations (black, 0; red, 20; blue, 50; 




5.3.3 RNA hairpin kinetics as a function of KCl concentration for different loop 
sequence. 
 
To gain clear insight on the effect of the loop composition on RNA folding, rapid-mixing 
stopped-flow kinetics was performed to investigate the folding kinetics of identical four base-
pair stem but different fifteen loop sequence hairpins as a function of KCl concentration. The 
hairpins are identified as hpU, hpPy and hpPyA hairpins respectively for simplicity. Folding 
reactions of above three different loop hairpins were carried out separately by mixing RNA 
hairpin in 0 mM KCl (low salt buffer in one channel with varying concentrations of KCl ranging 
from 0 mM to 1000 mM KCl in the other channel. Folding reactions of these hairpins were 
monitored by observing the quenching of TAMRA fluorophores by dabcyl quencher after a 
mixing time of ~450 µs. Figures 5.3, 5.4 and 5.5 show the stopped-flow mixing (folding) 






Figure 5.3: Experimental data (solid lines) and corresponding fitting curves (solid dashed lines) 
from stopped-flow measurements of the folding reaction of 4-base pair stem and hpU RNA 
hairpin as a function of varying KCl concentrations  (black, 0; red, 5; blue,10; dark cyan,25; 
magenta,50; dark yellow,100; navy 500 mM KCl and wine, background buffer). The 
fluorescence at various concentrations has been quenched due to folding at millisecond reaction 











Figure 5.4: Experimental data (solid lines) and corresponding fitting curves (solid dashed lines) 
from stopped-flow measurements of the folding reaction of 4-base pair stem and hpPy RNA 
hairpin as a function of varying KCl concentrations  (black, 0; red, 5; blue,10; dark cyan,25; 
magenta,50; dark yellow,100; navy 500mMKCl and wine, background buffer). The fluorescence 
at various KCl concentrations is quenched due to folding at millisecond reaction times. All the 









Figure 5.5: Experimental data (solid lines) and corresponding fitting curves (solid dashed lines) 
from stopped-flow measurements of the folding reaction of 4-base pair stem and hpPyA RNA 
hairpin as a function of varying KCl concentrations  (black, 0; red, 5; blue,10; dark cyan,25; 
magenta,50; dark yellow,100; navy 500 mM KCl and wine, background buffer). The 
fluorescence at various KCl concentrations is quenched due to folding at millisecond reaction 





Similarly, the reverse reaction (unfolding) reactions for above hairpins were performed 
by reversing the mixing conditions. For example, the mixing was started with 100 mM RNA 
hairpin in 0 mM KCl (low salt buffer) and subsequently increasing the KCl concentration up to 
1000 mM but keeping 0 mM KCl (low salt buffer) in the other channel each time it was mixed. 
Figure 5.6 shows the reverse (unfolding) reactions of polpy hairpin for illustration. The folding 
reaction of the hpPy hairpin without quencher is shown in Figure 5.7 for comparison and also the 
average fluorescence of polypy hairpin as a function of varying concentration of KCl is shown to 
probe the extent of folding with the increase of salt concentrations. 
The careful observation of the stopped-flow mixing data of several RNA hairpins as a 
function of varying KCl concentration reveals the loop composition effect on hairpin folding. As 
we compare the folding reactions of three different hairpins (Figures 5.3, 5.4 and 5.5), we found 
that the TAMRA fluorescence has been quenched significantly with the increase of KCl 
concentration. The experimental data for above three hairpins were fitted using single 
exponential decay equations to obtain reaction time information. The experimental data along 
with fitting has been shown in Figures 5.3, 5.4, 5.5. From the fitting, it can be observed that the 








Figure 5.6. Experimental data (solid lines) and corresponding fitting curves (solid dashed lines) 
from stopped-flow measurements of the un-folding reaction of 4-base pair stem and hpPy RNA 
hairpin as a function of varying KCl concentrations  (black, 0; red, 5; blue,10; dark cyan,25; 
magenta,50; dark yellow,100; navy 500 mM NaCl and wine, background buffer). The 
fluorescence at various concentrations are un-quenched due to un-folding at millisecond reaction 













Figure 5.7:(A) The plot of average fluorescence vs. varying concentration of KCl for polypy 
loop hairpins; (B) Experimental data (solid lines) from stopped-flow measurements of the 
folding reaction of 4-base pair stem and hpPy control hairpin as a function of varying KCl 
concentrations (black, 0; red, 5; blue,10; dark cyan,25; magenta,50; dark yellow,100; navy 500 




To quantify the effect of the loop composition on hairpin folding, we plotted reaction 
times as a function of KCl concentration for different hairpins. Figure 5.8 shows the plot of 
reaction times for PolyU, Polypy and PolypyA loop hairpins as a function of varying KCl 
concentrations. Here we observed that the reaction times for polypy and polypyA loop hairpins 
at corresponding KCl concentrations are similar within the statistical accuracy. Whereas, the 
reaction times of PolyU loop hairpin is the smallest among all the hairpins studied. This finding 
suggests the notion that base-stacking, not the base pairing, stabilizes the folded state of the short 






Figure 5.8: The forward and the reverse reaction times as a function of varying KCl 
concentrations have been plotted for hpPy RNA hairpin. The forward reaction is faster compared 
to reverse reaction. At higher counter ion concentration, the reaction times of forward and 








As we compared the forward and reverse reaction times of as a function of KCl 
concentration, we found that the forward reaction is very fast as compared to reverse reaction 
times at lower KCl concentrations. Figure 5.9 shows the forward and reverse reaction times of 
hpPy hairpin for illustration. The forward and reverse reaction times for hpPy hairpin at different 
KCl concentration have been shown in Table 5.1 for illustration. But at higher counter ion 
concentration, the forward and reverse reaction time becomes closer within the statistical error. 
This observation of fast and slow reactions in the case of RNA hairpins is very different as 
compared to the reaction time observed for DNA hairpins at comparable loop and stem 
sequence. This interesting observation in RNA hairpins suggests that RNA hairpin folding is 
much more complex than DNA hairpin folding. Our observation suggests that RNA hairpin 





Figure 5.9: The reaction times as a function of KCl concentration for three different RNA 
hairpins have been plotted. The reaction times for hpPy and hpPyA hairpins are closer within the 




Table 5.1. Thermodynamic parameters for hpPy RNA Hairpin Melting 
 
Net KCl conc. 
after mixing (mM) 
Reaction time(ms) 
Folding Unfolding 
5 4.49 16.95 
10 3.0 13.24 
15 2.94 11.58 
20 2.8 7.6 
25 2.47 4.21 
30 2.32 - 
40 2.35 2.69 
50 1.92 2.73 
100 1.72 - 













 The investigation of mono-valent counter ion dependent folding kinetics studies of three 
RNA hairpins suggest that the RNA folding is much more complex than DNA hairpin folding. 
The most important finding in our present rapid-mixing stopped-flow kinetics results, seen in the 
perspective of previous FCS studies
310
 and theoretical studies,
265,285,292
 is that the RNA folding is 
not simply a two-state process. Previous FCS studies on DNA hairpins
310
 and similar RNA 
hairpins
61
 propose at least a three-state mechanism indirectly which cannot access the slow phase 
due to the constraints of time resolution. The stopped-flow studies support the evidence of a 
multi-step mechanism by directly probing the kinetics on millisecond time scales.
314 
In the past, there have been numerous theoretical and experimental investigations carried 
out on RNA hairpins to understand folding kinetics but still there remains controversy regarding 




 it was 
believed that hairpin folding is predominantly a two-state reaction within a simpler free energy 
landscape.
309
 The two-state model was first challenged by our research group by combining FCS 
and Photon Counting Histogram (PCH) analysis on DNA hairpin folding studies. Later, Pande’s 
group investigated the refolding and unfolding of a small RNA hairpin (5’-GGGCGCAAGCCU-
3’) by using molecular dynamics simulation.
292
 They hypothesized the existence of competing 
folding and unfolding pathways with intermediates with partially zipped and partially compacted 
states. Similarly, Ma et al. used T-jump spectroscopy
312
 and proposed multi step reactions for 
RNA hairpin folding through complex free energy landscapes.  
Although, the above ultra-fast studies and molecular dynamics simulation proposed more 
than a two-state reaction but due to the time resolution limitation, these studies could not 
152 
 
measure the reaction kinetics on millisecond time scales and beyond. The present Stopped-flow 
studies probe the reaction kinetics of three RNA hairpins on millisecond time scales and suggest 
the energy landscape of RNA may be much more complex than previously thought. Particularly, 
the stopped-flow studies on our 4 base pair stem and polypyrimidine loop hairpin (hpPy) shows 
very interesting results. The careful analysis of stopped-flow kinetics results show that the 
forward reaction is very fast compared to reverse reaction on millisecond timescales. The 
different timescales of forward and reverse reactions of RNA hairpins is different than our 
previously studied DNA hairpin experiments with comparable stem and loop size as described in 
Chapter 2. These results suggest that the RNA hairpins display a broader range of relaxation 
times and the hairpin folding is not a two-state process.  
Another important observation of our rapid-mixing studies shows that the reaction time 
difference among three hairpins with the same stem and different loop can be explained by base-
stacking effects. The reaction times at varying KCl concentration for hPpy and hPpyA hairpins 
are approximately equal within statistical error but the reaction times for PolyU loop hairpin 
(hpU) is smaller compared to the other two hairpins. Our recent findings on loop length 
dependent thermodynamic stability studies on DNA hairpins suggest that tetraloop DNA hairpins 
exhibits enhanced stability as compared to longer loop length hairpins with the same stem due to 
the base-stacking interaction in the loop regions. Generally, the base-stacking effect in the RNA 
hairpins is poorly understood or not fully understood. Therefore our results suggest that loop 
composition may affect RNA hairpin folding kinetics due to base-stacking interaction in the loop 




The realization of the fact that the folding in RNA hairpins is not a two-state process 
requires a broad range of experimental techniques and theoretical models to probe folding 




 studies probe the reaction kinetics on 
microsecond timescales, the present rapid-mixing studies probe the kinetics on millisecond 
timescales.
314
 The energy landscape of RNA hairpins can be very complex, for example proteins, 
and therefore there is a possibility that each experimental procedure is probing a very small part 
of a broader landscape. Therefore, combinations of various experimental and theoretical 




 In summary, we presented the rapid-mixing stopped-flow kinetics of loop-stem RNA  
hairpins as a function of counter ion concentration. Our results suggest that the RNA hairpin 
folding is not just simply a two-state process and much more complex than previously thought. 
The careful observation of present studies and previous experimental and theoretical prediction 
shows that the RNA folding process can be multi-step with several intermediates. The hairpin 
energy landscape can be very complex, like proteins, with several global minima for which 
combinations of various experimental and theoretical studies are needed to explore. Furthermore, 
the present studies on three different RNA hairpins of the same stem and different loop suggest 
that loop composition can be an important factor to determine the reaction times. The difference 
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CHAPTER 6: Summary and Future Directions 
 
 The major objective of this thesis was to describe our efforts to address the folding and 
unfolding kinetics as well as thermodynamic stability of nucleic acid hairpins by using rapid-
mixing stopped-flow kinetics and other spectroscopic techniques. In our venture to understand 
the intricate folding puzzle of nucleic acid hairpins, we learned various things concerning 
kinetics and thermodynamic stability of nucleic acid hairpin formation. As a result, we were able 
to contribute some important and relevant information regarding hairpin folding problems and 
the reaction mechanisms. The hairpin folding process is a complex phenomena with multiple 
pathways that occurs much more slowly than previously thought. Secondly, various experimental 
and theoretical techniques used to probe the kinetics of hairpin formation might be measuring 
different events of a very broad and complex energy landscape.  
 As described in Chapter 3, our rapid-mixing stopped-flow kinetics studies on DNA 
hairpin folding kinetics studies shows that the DNA hairpin folding is not simply a two-state 
process.
326
 The hairpin folding reaction involves at least a three-state process with intermediates. 
One important aspect of our stopped-flow findings is that the observed reactions occurred on a 
timescale of milliseconds, suggesting DNA hairpin formation can occur much more slowly than 
previously thought. We proposed a three-state reaction mechanism of hairpin folding, wherein 
intermediate formation occurs on tens to hundreds of microsecond time scales, and complete 
hairpin formation happens on a millisecond time scale.  Ultrafast techniques like T-jump
327
 and 
FCS are useful for probing the intermediate reactions,
328
 but cannot detect the complete folding 
reactions due to the time resolution problem of the instrument. Similarly, rapid-mixing stopped-
flow can observe the complete folding reaction but cannot detect the intermediate reactions due 
160 
 
to the “dead time” constraint. The advantage of the stopped-flow method is that it can measure 
the reaction kinetics on the longer time scales from millisecond to second and minute. The 
disadvantage of this technique is its reliance on the dead time of the instrument. When stopped-
flow technique combined with FCS or T-jump can be able to probe the complete folding 
trajectory of the DNA hairpins. 
 Since the thermodynamic stability stem-loop DNA hairpin formation depends upon 
various factors such as stem size, loop size, stem and loop composition, base stacking, base-
pairing, hydrogen bonds on the loop and the closing base-pair of the loop,
329-331
 we investigated 
the loop length and counter ion dependent stability of various DNA hairpins. As described in 
Chapter 4, we found very interesting observations regarding tetraloop DNA hairpins in 
comparison to longer loop length DNA hairpins. As published in various literatures, the DNA 
and RNA tetraloop hairpins are exceptionally stable but to the best of our knowledge, the thermal 
stability in the different counter ion regimes were not studied in detail. Our observation showed 
that the tetraloop hairpin exhibits unusually high stability compared to other longer loop length 
hairpins and this exceptional stability is counter ion concentration dependent.  
 We observed that the DNA tetraloop hairpin exhibits exceptional high stability in the 
higher counter ion concentration regimes of 50 mM NaCl and above. Whereas, in the lower 
counter ion concentration regimes of 25 mM NaCl and below, the stability of tetraloop hairpins 
are consistent with the longer loop length hairpins of the same stem length but variable 8,12,16 
and 21 polythymidine loops that were studied. We explained this counter ion concentration 
regime dependent stability of tetraloop hairpins on the basis of the base stacking effect and 
hydrophobic collapse. We suggested, at higher counter ion concentrations, hydrophobic collapse 
of the nucleotides may have been increased due to the more polar solvent, which facilitates base 
161 
 
stacking in the loop regions of the hairpins. These factors resulted in the stability enhancement of 
the tetraloop hairpin in the higher counter ion concentration regimes. Due to the extremely 
important biological role of tetraloop hairpins, for example in genome sequence, gene 
expressions etc, our findings may shed light on other biological functions. 
 The kinetics and reaction mechanism of RNA hairpin folding is usually analyzed on the 
basis of a two-state model. The folding is usually described by a two-state, single barrier free 
energy landscape, in which the loop formation in the strand is the rate limiting step, followed by 
rapid zippering of the stem. The folding, free energy landscape of the RNA hairpin has been 
clearly misunderstood over the years.  The free energy landscape of RNA is very complex,
332-334
 
is similar to proteins and is represented by numerous mountains and ridges. The folding 
landscape of simple stem-loop hairpins is rugged, as evidenced from the small stability gap 
between the native state and the mis-folded conformation state.
335
There have been numerous 
investigations by biophysicists, physical chemists, biochemists and molecular biologists over the 
years to understand the energy landscape of the folded and unfolded hairpins. Similarly, there 
have been extensive studies on RNA hairpins to unravel the kinetics of folding and 
thermodynamic stability. 
 With this motivation, we investigated RNA hairpin folding kinetics by using rapid-
mixing stopped-flow kinetics experiments and observed that the folding kinetics of RNA 
hairpins of comparable loop and stem size are very complicated. As described in Chapter 5, our 
findings suggest that the folding and unfolding pathways of RNA hairpin folding can be very 
different and more complex than DNA hairpins and require careful analysis of experimental data 
along with suitable kinetic modeling to propose the reaction mechanism. From our rapid-mixing 
stopped flow data of different RNA hairpins, we can clearly predict that the RNA hairpin folding 
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is not a two-state process and the folding is at least a three-state or multi state with meta-stable or 
partially stable intermediates. Furthermore, base-stacking instead of base pairing plays an 
important role in case of RNA hairpin folding and unfolding. 
 The research work described in this dissertation and the various research work presented 
in the literatures show that we have come a long way as far as nucleic acid hairpin folding and 
unfolding processes are concerned. Our observations regarding nucleic acid hairpin folding, in 
this dissertation work, further makes it clear that hairpin folding reactions are much more 
complex than previously thought or realized. FCS and T-jump experiments are good techniques 
to measure the relaxation kinetics on microsecond time scales. In other words, these techniques 
presented a very small fraction of the very complex and broader energy landscape. Initially, it 
was believed that the hairpin folding is simply a two-state process, later this two-state process 
was challenged by FCS and T-jump studies. The FCS studies on DNA hairpins, in our 
laboratory, for the very first time proposed a three-state reaction mechanism but due to the time 
resolution problems, these studies could not probe the complete formation of the folded hairpin 
on millisecond time scales.
3
Our present work in this dissertation used rapid-mixing stopped-flow 
kinetics to resolve the folding reaction on millisecond time scales and by this we suggested a 
clear three-state reaction mechanism for DNA hairpin folding reactions. In the process, our 
present rapid-mixing stopped-flow work revealed another part of the broader energy landscape 
puzzle. 
  
 Now, one thing is very clear in the perspective of hairpin folding and unfolding is that a 
single experimental or theoretical technique is not sufficient to explain the much broader free 
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energy landscapes. A combination of experimental techniques, as well as theoretical 
calculation/modeling, is necessary to probe the complex biomolecular folding. For example, 
microfluidic mixing is a good candidate in this regard. If we could build a micro-fluidic mixer 
that enables us to have very short mixing times of several nanoseconds or even a few 
microseconds and combined this technique with FCS or T-jump, we would be able to measure 
the kinetics on a broad range of time scales simultaneously.  
 Finally, since the biological molecules are very complex and our endeavor to understand 
the mechanistic details and dynamics of the biochemical and biophysical processes are necessary 
to unravel the mystery of various deadly diseases. I think that science has come a very long way, 
as far as understanding the various biophysical and biochemical processes are concerned. I have 
no doubt that the emergence of biophysical chemistry and various innovative experimental 
methods and theoretical calculations will make a significant contribution toward furthering our 
understanding of biological phenomena for many years to come. I hope that the contributions in 
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